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ABSTRACT

The Sierra Valle Fértil Complex of west–central Argentina represents a section of the Ordovician

(�470 Ma) Famatinian arc and exposes a continuous, tilted crustal arc section ranging in depth

from �12 to 32 km (�4–8 kbar pressure). This arc section exposes the complete compositional

architecture from ultramafic and mafic rocks to upper crustal granodiorites. Field and compos-

itional data are presented to document the deep (�6–8 kbar) mafic complex of the Sierra Valle

Fértil. The mafic complex is composed of many tens to hundreds of plutonic cumulate bodies in a

complex and non-regular arrangement. There is no simple compositional, kinematic or age
relationship between neighboring plutons throughout the section, as expressed by cumulate com-

positions, emplacement horizon, size, composition, texture or style of contact. Amphibole gabbro-

norites and mafic tonalites dominate, but norites, amphibole websterites, troctolites and minor

anorthosites are present. Amphibole is common but always as a replacement phase, and is never

observed undergoing subsequent dehydration melting. Hence there is no evidence that volumin-

ous tonalites were produced by dehydration melting of mafic precursors. A field-based, cumulate-
removal fractionation model is presented that produces the observed compositional variations in

five steps. Isotopic compositions of Sr and Nd deviate significantly from primitive mantle values,

indicating a crustal contribution; however, this hybridization appears to have played a minor role in

the major element evolution of the mafic complex. We interpret this isotopic and elemental decou-

pling as a byproduct of prolonged, punctuated MASH (melting, assimilation, storage, homogeniza-

tion) processes in the lower crust. Isotopes may be the only residual evidence of assimilation
within the mafic zone. This requires that melt removal from the cumulates was extraordinarily

efficient.

Key words: igneous petrology; crustal contamination; island arc; MASH zone; magma chamber

INTRODUCTION

There is agreement that most arc magmatism is funda-

mentally basaltic (Hildreth, 1981); however, the depths

and specific processes whereby basalt gives rise to

intermediate and silicic magmas remain in question.

The dominant paradigm describing this process re-

mains the MASH (melting, assimilation, storage, hom-

ogenization) hypothesis of Hildreth & Moorbath (1988).
In this model, base-level geochemical attributes of arc

magmas are established as mantle-derived basalts mix

with basaltic precursors including cumulates, melt the
lower crustal rocks and reside in an environment of

continuing hybridization and melt removal. Numerical

simulations of silicic melt generation by direct crustal

melting (Bergantz, 1992; Dufek & Bergantz, 2005; Annen

et al., 2006) have been equivocal on the efficiency of

this process, in part because they assume that assimila-
tion is driven by simple contact melting, which is not

energetically efficient (Barboza & Bergantz, 1996, 2000).

Hence the possibility of intermediate magma
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production occurring in lower crustal zones of anatexis

rather than MASH zones, where pre-existing rock—as

opposed to mantle-derived basalt—is the dominant

mass contributor (Haraguchi et al., 2003; Saito et al.,

2004, 2007; Ratajeski et al., 2005; Sisson et al., 2005;
Clemens et al., 2011; Coleman et al., 2012) is controver-

sial. Field-testing of these models has proven difficult.

Numerous tilted batholiths provide cross-sectional

views (Dilles, 1987; Tepper et al., 1993; Bachl et al.,

2001; Miller & Miller, 2002; Westerman et al., 2004;

Kamiyama et al., 2007; Walker et al., 2007; Economos

et al., 2008; Needy et al., 2009; Longo et al., 2010;
Putirka et al., 2014; Ducea et al., 2015), but most of these

batholiths expose only the uppermost several kilo-

meters of the magma system and are dominated by

intermediate to evolved compositions.

The structure of deep arc crust is thus constrained by

very few examples. In the absence of exposure, cognate
inclusions in volcanic rocks (Conrad & Kay, 1984; Ducea

& Saleeby, 1998; Lee et al., 2001; Rodriguez-Vargas

et al., 2005; Smith, 2014; Ducea et al., 2015) and seismic

profiles across active arcs (Holbrook et al., 1999; Yuan

et al., 2002; Kitamura et al., 2003; Calvert et al., 2008)

are common proxies. Deeper exposures are often iso-
lated blocks, beheaded and translated by faults that ob-

scure their original position and regional context (Ross,

1985; Vernon et al., 1989; DeBari, 1994; Ducea et al.,

2003; Kidder et al., 2003; Dessimoz et al., 2012; Putirka

et al., 2014). However, there are a few tilted sections

that provide relatively continuous, mid-deep arc crust

exposures on the scale of tens of kilometers: the
Kohistan batholith, Pakistan (Burg et al., 1998; Jagoutz

et al., 2007; Jagoutz, 2010); the North Cascades, USA

(Miller & Paterson, 2001; Miller et al., 2009); the

Talkeetna arc, Alaska (DeBari & Coleman, 1989; Greene

et al., 2006; Rioux et al., 2007; Hacker et al., 2008); the

Bonanza arc, Canada (Cui & Russell, 1995; DeBari et al.,
1999; Larocque & Canil, 2010); the Wooley Creek batho-

lith, California (Coint et al., 2013) and the Sierra Valle

Fértil complex, Argentina (Otamendi et al., 2009a;

Ducea et al., 2010; Tibaldi et al., 2013). These field ex-

amples provide the basis for our current understanding

of arc cross-sections.

In this contribution we focus primarily on the mafic
complex of the Ordovician Sierra Valle Fértil (SVF) com-

plex in northwestern Argentina, which exposes com-

positionally stratified, igneous arc crust interlayered

with metasedimentary host-rocks at paleodepths of

�12–32 km (Otamendi et al., 2009a; Tibaldi et al., 2013).

We document the field relations, scales of compos-
itional diversity and age relationships for a deep section

within the SVF mafic zone. From our findings, several

inferences arise. Although magmatism has almost com-

pletely reconstituted the crust in this arc section, the

mafic zone is characterized by heterogeneity at the

centimeter to kilometer scale. Gabbronorites are inter-

layered with tonalites in a sheet-like, but dominantly
gradational and erratic fashion. Large, coherent batho-

liths are not present in the mafic complex. However,

this heterogeneity ends rather abruptly in the transition

zone to a relatively homogeneous section of more typ-

ical arc tonalites and granodiorite batholiths that form

the upper part of the section. Many of the mafic rocks

do not approximate melt compositions and are inter-
preted to be cumulates from which evolved melt was

expelled. The original textures have been variably

re-equilibrated, making identification of melt-present

processes difficult. Despite this, there is abundant field

evidence to support a model of fractional crystallization

and melt transfer combined with partial melting of the

metasedimentary host-rocks for the petrogenesis of the
SVF mafic complex.

GEOLOGICAL SETTING

The Famatinian Arc
The Sierra Valle Fértil (SVF) is part of the mid-
Ordovician to Devonian Famatinian subduction com-

plex that is exposed along an �2500 km NW–SE swath

in western Bolivia and Argentina (Fig. 1). In the north

(�23�S), Famatinian arc exposures include calc-alkaline

volcanic rocks, volcaniclastic rocks, sparse gabbroic

mafic roots and high-level S-type plutonic rocks. The

deepest Famatina exposures are between �28� and
33�S where the Nazca plate is currently subducting at a

relatively low angle (Ducea et al., 2010). The Famatinian

arc represents some of the earliest subduction magma-

tism recognized in western South America and is inter-

preted to be the nascent stages of the Andean

subduction system (Acenolaza et al., 2002). Subduction
magmatism began in the region around 550 Ma during

the Pampean Orogeny (Rapela et al., 1998). There was a

hiatus in magmatism from �520 to 495 Ma. During this

time unroofing of the Pampean orogen and subsequent

sedimentation (Cristofolini et al., 2012) created a thick

(>2000 m) and widely distributed clastic sedimentary

basin fill (regionally called the Puncoviscana, Suncho,
Aguaditas, and Negro Peniado). Subsequently, magma-

tism stepped to the west. It was on and within the thick

Puncoviscana sedimentary basin at the western edge of

the proto-South American continent that the

Famatinian arc was constructed. The arc was estab-

lished at �495 Ma (Pankhurst et al., 1998) and was ac-
tive until �440 Ma (Collo et al., 2009). In the specific

vicinity of the Sierra Valle Fértil, laser ablation multicol-

lector inductively coupled plasma mass spectrometry

(LA-MC-ICP-MS) data for zircon indicate an age range of

485–465 Ma. Uranium–Pb data for zircons (chemical

abrasion thermal ionization mass spectrometry; CA-

TIMS), however, suggest that the initiation, operation,
and death of this arc proceeded relatively rapidly—over

an interval of less than 10 Myr and perhaps as little as

�5 Myr from 472 to 467 Ma (Casquet et al., 2012). Arc

cessation in the south by �465 Ma is generally attrib-

uted to a collision with the Cuyania microplate (Thomas

& Astini, 1996; Cristofolini et al., 2014), but the reader is
referred to the papers by Mulcahy et al. (2007, 2014) for

further discussion.
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The Sierra Valle Fértil
The Sierra Valle Fértil is located within the southern

Famatinian belt and exposes eastward-tilted arc crust

from paleodepths of 12–32 km (Tibaldi et al., 2013).

The SVF magmas intruded a thick, miogeoclinal sedi-

mentary package dominated by metapelites, with minor

marbles and graywackes (Cristofolini et al., 2012, 2014).

Otamendi et al. (2009a) have documented the vertical

Fig. 1. Geological map of the Sierra Valle Fértil modified from the maps of Mirré (1976), Vujovich et al. (1996), Otamendi et al.
(2009b) and Tibaldi et al. (2013). Cross-section and barometery modified from Tibaldi et al. (2013).
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distribution of distinct lithological units. From shallow

to deep, the exposures include nested tonalite–granodi-

orite plutons that show a transition to extremely hetero-

geneous tonalite, which then show a transition to

dominantly gabbroic and tonalitic rocks. A regional
shear zone—the Valle Fértil Lineament—truncates the

base of the section (Cristofolini et al., 2014) (Fig. 1).

Throughout the SVF screens and xenoliths of metasedi-

mentary country rocks, ranging from centimeter to kilo-

meter scale, are sparsely present as stromatic to

diatexite migmatites. Peak metamorphism and melting

of the country rocks is interpreted to have been synplu-
tonic (Otamendi et al., 2008), and interaction between

metasediment-derived leucogranite melts and the SVF

magmas is observable in the field. Zircon age data

(Ducea et al., 2010) suggest that the SVF represents a

relatively brief episode towards the end of southern

Famatinian magmatism (�485–465 Ma); age data
from our study area suggest even shorter timescales

(<6 Myr; unpublished data). This study focuses on the

mafic zone of the SVF—the deeper portion of the sec-

tion dominated by gabbronorite, norite, tonalite and

small ultramafic bodies.

METHODS

Samples representing the compositional range of the

SVF mafic zone were crushed to pea gravel size and

powdered in a tungsten carbide vessel using a shatter-

box. Preference was given to fresh samples without
alteration. Sample sizes were typically �0�5–1 kg of

material, crushed and split. In addition to the data

from previous SVF studies by Otamendi et al. (2008,

2009a, 2009b, 2010a, 2010b, 2012) and Ducea et al.

(2010, 2014), 117 new whole-rock analyses are pre-

sented here.

Major and trace elements were analyzed by X-ray
fluorescence (XRF, ThermoARL) at the GeoAnalytical

lab at Washington State University as described by

Johnson et al. (1999). Rare earth elements (REE) and se-

lected trace elements were analyzed by ICP-MS (Agilent

7700, quadrupole mass spectrometer) at Washington

State University. Whole-rock powders were analysed at
the University of Arizona for Sr, Nd, and Pb isotopes by

TIMS. Isotopic compositions were obtained using the

techniques and standardization of Ducea & Saleeby

(1998) and Otamendi et al. (2012). For several samples

thin sections were analyzed using the QEMSCAN tech-

nique at the Advanced Mineralogy Research Center at

the Colorado School of Mines. QEMSCAN utilizes en-
ergy-dispersive X-ray spectroscopy (EDS) to generate

mineral maps of thin sections. These maps are

translated into false color images from which mineral

modes are calculated (Hoal et al., 2009). Mineral com-

positions for plagioclase, amphibole, clinopyroxene,

orthopyroxene, and olivine were determined at the
University of Washington using a JEOL 733 electron

microprobe.

LITHOLOGICAL UNITS OF THE MAFIC ZONE

Here, we describe the rocks that form an �100 km2 area

within the Valle Fértil mafic complex (Fig. 2). Exposure

of fresh rock is found in several approximately east–
west-oriented canyons that strike roughly perpendicular

to the paleo-up direction, providing several pseudo

cross-sections of the mafic zone. Outside the canyons,

exposed rock is weathered, and thick vegetation pre-

vents accurate mapping and sampling. The mafic zone

section is a complex, heterogeneous assemblage of

tonalite–gabbronorite, punctuated by bodies (less than
kilometer scale) of ultramafic rocks, metasediments,

and granite. Tonalite dominates the shallower parts of

the exposed area. Within the tonalite-dominated areas,

discernible gabbronorite bodies are present, although

they are generally not large (�< 1 km) and cannot al-

ways be inferred to extend to neighboring canyons. The
gabbronorites have variable pyroxene and amphibole

abundances that classify their specific rock type (e.g.

gabbronorite, norite, hornblende gabbronorite), al-

though for simplicity here we refer to these rocks as

‘gabbronorites’ because this is the most common vari-

ant. Contacts between the tonalite and gabbronorite

bodies are usually gradational on the meter scale.
Foliation and internal contacts of the tonalite and gab-

bronorites are typically oriented NW–SE to NE–SW and

steeply dipping, consistent with the dominant foliation

and map distribution of the largest bodies within the

Sierra Valle Fértil complex (see Fig. 1). In places, gabbro

and tonalite exposures are separated by ‘transitional’
zones comprising fine-grained gabbronorite with small,

diffuse, stringy domains of tonalite and coarse, crystal-

rich tonalite. These transitional zones have been

observed to reach thicknesses of up to 30–40 m (in

Usno and Turbante Canyons). Below, we discuss the

tonalite and gabbronorite lithological units in more de-

tail, as well as three other volumetrically minor units
that are exposed throughout the section (see also

Table 1): ultramafic cumulate rocks, fine-grained gab-

broic dikes and small silicic intrusions. Highly foliated

and migmatized metasedimentary host rock (cordierite/

garnet biotite gneiss) is also present locally, as are cor-

dierite-bearing diatexite domains (see Otamendi et al.,
2008; Tibaldi et al., 2013).

Tonalite
Tonalite exposures are heterogeneous on the decimeter

to meter scale with respect to modes and structures,

with wispy, blob-like, and sheet-like interlayering be-

tween modally variable packages being typical (Fig. 3).
Mineral foliation, defined by elongated plagioclase, bio-

tite and amphibole, is common. Mafic sheets less than

1 m thick, inclusions, and schlieren domains are com-

mon in the tonalite and occasionally make up 20–30%

of the outcrop. These inclusions typically have contacts

with the host that are gradational over �1 cm. In places,
mafic inclusions appear frozen in various states of reac-

tion or digestion, resulting in a ‘ghost-like’ appearance
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Fig. 2. Canyon-restricted geological map of a portion of the mafic zone of the Sierra Valle Fértil complex. Boundaries of units are ap-
proximate as contacts are often gradational over �1–40 m. The orientation of unit boundaries is based on exposures in canyons.
Also shown are sample locations and specifically indicated are those samples with CA-ID-TIMS zircon dates (unpublished data).
(See text for details on lithological units.)
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(Fig. 3b). Mafic inclusions are also observed with sharp

contacts and visible reaction rims (1–2 cm wide).

Metasedimentary xenoliths also occur locally. At one

outcrop in Turbante canyon the tonalite unit (see Fig. 3c

and d) contains blocks of metasedimentary host-rock,
biotite concentrations, round quartz domains (�5 cm),

large (�5 cm) cordierite crystals sheathed in biotite,

plagioclase and quartz, fine-grained dark inclusions,

mafic inclusions with multiple, variably coarse growth

rims and ultramafic cumulate blocks (decimeter to

meter scale).

The tonalite is generally medium to coarse grained
(<1 cm grain size; see Fig. 4) and is dominated by

plagioclase (50–60 vol. %) with variable amounts of

quartz (10–50%), orthopyroxene (0–15%, but typically

�5–10%), amphibole (0–20%, but typically �5%), biotite

(0–15%, typically<5%) and Fe–Ti oxides (<5%). Zircon

and apatite are observed in trace amounts. The mineral
mode can be variable (quartz content in particular) over

small distances (decimeters).

Gabbronorite
Gabbronorite is observed as blob-like inclusions (centi-

meters to meters) within the tonalite up to massive

(hundreds of meters) bodies (Fig. 5). Initially subhori-

zontal sheets (centimeter to meter thickness) are com-

monly observed, but modal layering is rare.
Centimeter-scale domains of tonalite are observed

within the gabbronorite as patches, stringers, layers,

and occasionally dikes (centimeter to meter scale)

(Fig. 5b). The gabbronorites are typically medium

grained (<0�5 cm grain size), although finer grained

variants are observed as inclusions. Plagioclase is the

dominant mineral (�50 vol. %) and occurs as granoblas-
tic composite grains in the form of subhedral laths.

Clinopyroxene and orthopyroxene are commonly

blocky and appear to be the earliest-grown phases.

Plagioclase also forms blocky domains overgrown by

orthopyroxene, suggesting that in some gabbronorites,

orthopyroxene and plagioclase were co-crystallizing.

Amphibole forms 5–30 vol. % of the gabbronorites but
is rarely found as discrete, sub- to euhedral grains.

Instead, amphibole is most commonly observed as

rims on both clino- and orthopyroxene, and as oikoc-

rysts ranging from �1 to 5 cm in diameter (Fig. 5c), indi-

cating that it crystallized late with respect to the other

phases. The gabbronorites contain variable amounts of
orthopyroxene (15–30%), clinopyroxene (5–20%), Fe–Ti

oxides (1–5%), and quartz (<5%). Zircon, apatite, green

spinel, and pyrite are observed in trace amounts. Mafic

pegmatitic pods, typically centimeters to tens of centi-

meters in width, containing hornblende and plagioclase

crystals (>1 cm), are also common (Fig. 5d).

Gabbro dikes
Fine-grained mafic dikes are observed sporadically
throughout the mafic unit; these are generally several

centimeters to �1 m thick. They are dominated by

Table 1: Petrographic descriptions of the main lithologies of the mafic zone

Lithology Petrographic characteristics Modes

Tonalite Medium to coarse grained. Very heterogeneous even at 50–60% plag (An74–83)
thin-section scale. Inequigranular to equigranular. Plag 10–50% qtz
laths or domains are subhedral but commonly comprise 0–15% opx
granophyric clusters. Qtz domains commonly have 0–20% amph (�5% typical)
consertal texture and exhibit subgrains. Amph generally 0–15% bio (<5% typical)
associated with opx as a rimming or reaction phase. Bio <5% oxides
and oxides also generally associated with opx trace zircon, apatite

Gabbronorite Fine to medium grained. Relatively equigranular. Plag 50–60% plag (An82–96)
domains are subhedral and commonly granophyric. Cpx <5% qtz
and opx are granular and/or blocky and usually appear 15–30% opx
clustered together. Amph usually either as a rimming or 5–20% cpx
reaction phase. In some rocks, amph is observed as 1–6% oxides
oikocrysts enclosing all other phases. Oxides are 5–30% amph
interstitial trace zircon, apatite,

green spinel, pyrite
Mafic dikes Fine grained. Plag and amph dominate and both minerals 40–50% plag (An95)

are observed as subhedral grains and grain clusters, in 30–50% amph
places with granophyric texture. Amph is, in some samples, 0–20% opx
anhedral. Oxides are interstitial, although in places they 0–10% cpx
form subhedral grains 1–5% oxides

Relict Medium to coarse grained. Variable mineral assemblages. 50–60% plag
troctolite Amph–plag dominant. Amph–spinel symplectite common �30–40% amph

as rims on opx. When olv is present, corona textures 5–10% opx
exist: olv–opx–amph–amphþ spin–plag (see Otamendi trace spinel, oxides, olv
et al., 2010). Plag commonly shows a granoblastic texture

Olivine– Medium grained. Olv generally heavily serpentinized. 10–50% olv (Fo76–82)
amphibole When plag is present, opx–amph–amphþ spinel coronas 10–20% cpx
websterite separate it from olv. When present, amph is commonly 10–20% opx

observed as oikocrysts. Spinel occurs in symplectite with 1–5% green spinel
amph, and as discrete grains 0–10% plag (An97–98)

0–25% amph

1868 Journal of Petrology, 2015, Vol. 56, No. 9



plagioclase (40–50%) and amphibole (30–50%). Unlike

in the gabbronorite bodies, where amphibole is found

only as rims and oikocrysts, amphibole in the mafic
dikes occurs as subhedral grains and grain clusters,

with triple-junction boundaries. Orthopyroxene (0–

20%), clinopyroxene (0–10%) and Fe–Ti oxides (1–5%)

are also present. The dikes always have sharp contacts

with the host-rock.

Ultramafic bodies
The ultramafic rocks of the Valle Fértil mafic zone have

been discussed in detail by Otamendi et al. (2010a), but a

brief description is warranted here. They comprise clino-

pyroxene, orthopyroxene, olivine, amphibole, green spi-

nel, and plagioclase. Rock types include olivine

websterite, amphibole websterite, troctolite, and anortho-
site. These ultramafic bodies range in thickness from tens

of meters to �400 m. They always show gradational tran-

sitions into other rock types. For the olivine and amphi-

bole websterite bodies the transition zone is defined by

an area in which plagioclase appears and then becomes

dominant over an interval of �10 m, with no sharp con-
tact. When olivine and plagioclase are present together

there is an orthopyroxene–amphibole–spinel corona

separating the two phases (Meurer & Claeson, 2002;

Otamendi et al., 2010b), suggesting partial re-equilibration

in the presence of a fluid-rich phase. Amphibole is also
present as rims on pyroxene and as oikocrysts, suggest-

ing late crystallization with respect to the other phases.

Granodiorite and granite
Although rare, there are small (<0�5 km2) bodies of

granodiorite and granite present in the mafic zone. We

have located two 100 m size silicic blobs (Fig. 2); rare

leucogranite dikes are also present. In general, granodi-

orite and granite are much more abundant farther up
the section than in the mafic zone. These silicic rock

types are noteworthy for the presence of alkali feldspar

(�15–35 vol. %), which is not observed in any other rock

in the mafic complex. Also present in these rock types

are quartz (35–40 %), plagioclase (20–40%), and biotite

(<5%).

WHOLE-ROCK COMPOSITIONS

Major and trace elements
The rocks of the Valle Fértil mafic zone range from 41 to

75% SiO2 [Fig. 6; Table 2; see also Supplementary Data

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD

a

DDDDDDDDDD

b

c d

Fig. 3. Field photographs of the tonalite unit showing that it is fairly heterogeneous in outcrop. (a, b) Wispy and sheet-like interlayer-
ing with other, modally variable tonalite varieties; mafic inclusions (discrete to vestigial) are common. (c) Mafic inclusions with re-
action rims in a tonalite matrix. (d) Large �1�5 m block of olivine websterite within an inclusion-rich tonalite. Locally, blocks of other
Valle Fertil rock types (metasedimentary host-rock, gabbro) are also preserved within the tonalite.
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(SD) Electronic Appendix 1; supplementary data are

available for downloading at http://www.petrology.

oxfordjournals.org]. Rocks with less than �53% SiO2

have compositional arrays reflecting the variable accu-

mulation and abundance of mineral phases such as
olivine, plagioclase, amphibole and Fe–Ti oxides.

Specifically, olivine-bearing rocks have low TiO2, Al2O3

and CaO and high MgO; plagioclase cumulates have

high CaO and Al2O3 and low TiO2; rocks with abundant

amphibole have high TiO2 and low SiO2; rocks rich in

Fe–Ti oxides have high FeO and TiO2 and low SiO2. TiO2

and FeO are positively correlated for mafic to ultramafic

rocks. For the mafic zone rocks with >53% SiO2 (tonal-

ites), Al2O3, FeO, MgO, CaO and TiO2 all broadly de-

crease with increasing SiO2, whereas Na2O increases

with SiO2 (up to �62% SiO2), consistent with a differen-

tiation trend. With only a few exceptions, all the tonal-
ites and gabbronorites in the mafic zone have K2O

below 1 wt % and most fall between 0�05 and 0�5 wt %.

The XMg [Mg/(Mgþ Fetot)] of the mafic to ultramafic

rocks ranges from 0�8 to 0�4. The variation of XMg ver-

sus SiO2 is Z-shaped, with a positive correlation be-

tween XMg and SiO2 between XMg 0�65–0�4 and

SiO2� 50–41 wt %. The highest XMg rocks are either
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Fig. 4. Selected QEMSCAN false-color photomicrographs of SVF mafic zone rocks from the tonalite and gabbronorite spectrum,
with SiO2 weight per cent indicated for each sample. Variation in the tonalite spectrum is typically in the quartz (Qtz) and orthopyr-
oxene (Opx) content. Variation in the gabbronorite spectrum is observed in the proportions of clinopyroxene (Cpx), orthopyroxene,
amphibole (Amph), and Fe–Ti oxides (Mag, Ilm). Biot, biotite; Olv, olivine; Plag, plagioclase.
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olivine-bearing or rocks that we interpret to have been

originally olivine-bearing but have experienced reactive

re-equilibration (relict troctolite with amphibole as the

dominant mafic phase). From XMg 0�44 at SiO2 41%, the

data trend extends to higher SiO2 with a slight decrease
in XMg (0�4 to �0�35). When the mafic and ultramafic

rocks are broken out into groups with respect to their

position on this XMg vs SiO2 plot, compositional vari-

ation can be tracked in several other plots. For example,

inflections are observed in TiO2, FeO and Na2O (all ver-

sus SiO2).

All mafic zone rocks are enriched in incompatible
trace elements with respect to primitive mantle (Sun &

McDonough, 1989; Fig. 7; Table 2). Overall, negative

spikes in the high field strength elements Nb, Ta, Th

and U are observed in primitive mantle-normalized

trace element patterns, consistent with a subduction

signature. For the mafic to ultramafic rocks the abun-
dances of trace elements are consistent with mineral

modes. For the tonalites, variation with silica is consist-

ent with the trace element’s compatibility in gabbroic

mineral phases (Fig. 8). For example, olivine-bearing

rocks are enriched in Ni and Cr (>400 ppm and

>500 ppm respectively); Ni and Cr decrease with

increasing SiO2 in tonalites; rocks rich in clinopyroxene

and Fe–Ti oxides have elevated Sc and V (>30 and

>250, respectively), whereas Sc and V decrease with

increasing SiO2 in tonalites. Most mafic zone rocks
(tonalites included) have extremely low concentrations

of Rb and Ba (mostly <25 ppm and <200 ppm, respect-

ively) in keeping with the low K2O of these rocks.

However, a few intermediate samples are more en-

riched in incompatible large ion lithophile elements

such as Rb, Ba and Sr. Mafic zone rocks have REE con-

centrations that are enriched �1 to 100 times relative to
primitive mantle (Fig. 7). With decreasing XMg, the

mafic–ultramafic rocks become more enriched in the

REE. With the exception of some high-SiO2 leucogran-

ites, intermediate to silicic rocks from the mafic zone

have Zr/Hf close to 40, consistent with chondritic and

globally observed values (Hoskin & Schaltegger, 2003;
Claiborne et al., 2006). Most mafic to ultramafic rocks

have Zr/Hf ranging from 22 to 38, suggesting some frac-

tionation mechanism. The Eu/Eu* values for mafic–

ultramafic rocks vary from 0�5 to 2�2, although most

samples fall between �0�7 and 1�5. The Eu/Eu* for more

Fig. 5. Field photographs of gabbro to gabbronorite, observed as massive bodies (hundreds of meters) to blob-like inclusions
(centimeters) within the tonalite. (a) Wispy layering of gabbronorite varieties. (b) Tonalitic patches within the gabbronorite, which
could be silicic segregations. (c) Amphibole oikocrysts, ranging in size from �1 to 5 cm in diameter, are observed in places within
the gabbronorite. (d) Typical view of the gabbronorite with silicic wisps and amphibole-rich mafic pegmatites (white arrows).
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silicic rocks is much more variable; tonalites range from

0�5 to 4�1, and leucogranites range from 2�4 to extreme
values of 10�5. In general, elemental trends for the mafic

to ultramafic rocks appear to reflect mineral accumula-

tion, whereas the trends for the tonalitic rocks tend to

be more linear.

Sr, Nd and Pb isotopes
The rocks of the Valle Fértil mafic zone exhibit a wide

range in isotopic composition (Fig. 9; Table 3); Sr, Nd,

and Pb isotope ratios fall within the Valle Fértil array re-

ported by Otamendi et al. (2009a, 2012) and Ducea et al.

(2014). With respect to Sr and Nd isotopes, the most re-

markable characteristic of the SVF rocks is that they all
deviate strongly from primitive mantle isotopic values.

Within the mafic zone, initial 87Sr/86Sr (age corrected to

475 Ma) ranges from 0�70525 to 0�71445, with the mafic

to ultramafic rocks spanning the entire range. Tonalites

in the mafic zone are more restricted in 87Sr/86Sr, rang-

ing from 0�707531 to 0�712642 (when leucotonalite
veins are excluded, the range is even more restricted at

0�709281–0�710635). Initial eNd ranges from 2�2 to –6�5

(corresponding to a range in initial 143Nd/144Nd of

0�512137–0�511696). As for Sr isotopes, the mafic and
ultramafic rocks also have the largest range in eNd (2�2
to –5�9). Tonalites are restricted to eNd values of –5�2 to –

6�5 (with one leucotonalite vein with eNd¼ –2�5). A nega-

tively correlated array is observed when eNd is plotted

against 87Sr/86Sr; however, variation to the highest
87Sr/86Sr values (>0�711) is associated with no system-

atic change in eNd values. The samples with the highest
eNd and lowest 87Sr/86Sr have between 47�5 and

51�5 wt % SiO2; with the exception of these rocks the

mafic zone rocks show generally positive correlations

in SiO2 vs 87Sr/86Sr and negative correlations in SiO2

vs eNd.

Lead isotope compositions (age corrected) in the
Valle Fértil mafic zone rocks show only minor variation

(Table 3); 208Pb/204Pb ranges from 38�1487 to 38�5526;
207Pb/204Pb ranges from 15�6490 to 15�6606 and
206Pb/204Pb ranges from 18�2749 to 18�7270. The values

reported here fall within the range of Pb isotopic com-

positions reported by Otamendi et al. (2012) for the

Valle Fértil complex.

Table 2: Major and trace element compositions of selected samples from the SVF mafic zone

Sample: FA906 FA907 FA909 FA914 FA916 FA918 FA1012
Lithology: hbl gn qtz-gabbro hbl-gabbro qtz-norite hbl gn qtz-gabbro gn

enclave
Canyon: Usno Usno Usno Usno Usno Usno Las Tunas

SiO2 41�02 49�11 44�19 50�24 48�04 52�42 43�20
TiO2 1�66 1�53 2�01 1�59 0�43 0�77 1�397
Al2O3 17�16 17�23 17�41 19�81 19�73 17�71 16�51
FeOt 18�62 14�12 15�29 11�82 8�79 10�77 16�38
MgO 7�09 4�75 5�29 4�3 8�89 7�33 7�78
CaO 13�45 10�46 11�82 8�48 12�82 8�51 13�48
Na2O 0�69 2�12 2�52 2�78 0�98 1�68 0�83
K2O 0�04 0�09 0�51 0�44 0�13 0�39 0�09
Total* 97�54 99�42 98�68 98�94 98�41 99�17 98�20
XMg 0�40 0�37 0�38 0�39 0�64 0�55 0�46
Ni 22�7 21 9�1 30�2 65�4 73�7 24�6
Cr 4�7 19�2 0 54�3 250�6 253�6 72�7
Sc 62�4 45�0 60�2 30�1 38�6 38�2 60�2
V 597�4 343 332�8 235�9 227�9 302�4 541�0
Ba 14 49 115 213 46 121 36�1
Rb 0�2 0�2 1�9 5�3 0�7 8�5 0�4
Sr 159 269 259 249 195 141 185
Zr 13 231 617 467 18 73 15
Y 8�84 35�92 52�47 16�28 8�70 24�71 11�20
La 2�02 18�00 23�64 16�89 4�40 24�12 3�10
Ce 5�40 48�13 60�71 35�06 9�99 49�70 7�82
Pr 0�82 7�10 8�94 4�44 1�36 5�92 1�16
Nd 3�97 32�48 41�96 18�53 5�96 23�29 5�62
Sm 1�25 7�85 11�07 3�97 1�57 5�07 1�75
Eu 0�46 2�02 2�85 1�64 0�51 1�24 0�67
Gd 1�46 7�36 11�40 3�71 1�58 4�65 2�06
Tb 0�26 1�21 1�83 0�56 0�28 0�75 0�35
Dy 1�79 7�31 10�88 3�28 1�81 4�68 2�31
Ho 0�35 1�45 2�18 0�66 0�36 0�96 0�48
Er 1�01 3�94 5�81 1�82 0�99 2�75 1�27
Tm 0�14 0�54 0�80 0�26 0�14 0�43 0�18
Yb 0�86 3�26 4�60 1�64 0�89 2�83 1�12
Lu 0�14 0�51 0�72 0�28 0�14 0�46 0�17
U 0�01 0�08 0�40 0�27 0�03 0�61 0�05
Th 0�04 0�11 1�41 0�42 0�12 4�94 0�23
Hf 0�49 5�40 13�26 11�48 0�59 2�24 0�51

(continued)
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MINERAL COMPOSITIONS OF THE MAFIC ZONE
ROCKS

Olivine
Olivine occurs exclusively in the ultramafic bodies. It

typically forms subhedral grains partially reacted to ser-

pentine (Fig. 10). XMg of olivine ranges from 0�76 to

0�82, with less than 1% variation within samples

(Table 4). NiO contents of olivine range from 0�07 to
0�27 wt % with �0�05 wt % variation within samples. No

zoning is observed within grains nor is there significant

chemical variation within samples. This is consistent

with olivine compositional variations from SVF ultra-

mafic bodies higher in the section reported by

Otamendi et al. (2010a).

Clinopyroxene
Clinopyroxene is present in ultramafic bodies, gabbro-

norites, and some tonalites. It typically occurs as subhe-

dral grains (Fig. 10), although a granoblastic texture is
present in places, suggesting some recrystallization.

Clinopyroxene is commonly rimmed by amphibole.

Clinopyroxene XMg [Mg/(Mgþ Fetot)] ranges from 0�67

to 0�85 [0�72–0�89 for XMg¼Mg/(MgþFe2þ)], with <8%

variation within samples (Table 5). Clinopyroxenes

from an olivine-bearing cumulate body have the highest

XMg, ranging from 0�83 to 0�85, consistent with data re-
ported by Otamendi et al. (2010a); Al2O3 contents of

clinopyroxenes vary from 1�5 to 4�2 wt %. For each sam-

ple, there is a negative correlation between Al2O3 and

XMg (SD Electronic Appendix Fig. 1). This trend is simi-

lar to that shown by cpx in gabbronorites from the

Chilas complex (Jagoutz et al., 2007), where it was ex-

plained as a metamorphic trend owing to a Tschermak
exchange of (Fe,Mg)SiAl2 during cooling. A similar, but

less well-defined, negative correlation also exists be-

tween XMg and Na2O for these samples. Every rim ana-

lysis of cpx from sample FA2-11-12 has a slightly higher

XMg than the corresponding grain interior (XMg of �0�77

vs 0�73–0�75).

Orthopyroxene
Orthopyroxene is observed in ultramafic bodies, gab-

bronorites and many tonalites. It is typically subhedral

Table 2: Continued

Sample: FA2-11-02 FA2-11-10 FA2-11-12 FA2-11-14 FA2-11-18 FA2-11-22 FA-12-01
Lithology: hbl gn hbl gn hbl gn gabbro gabbro hbl gn hbl gn

dike enclave dike
Canyon: Usno Usno Usno Coral Grande Las Tunas Coral Grande Turbante

SiO2 50�89 43�16 44�51 51�18 41�92 44�07 47�33
TiO2 1�126 1�258 1�020 0�426 1�720 1�007 1�231
Al2O3 18�46 18�84 16�34 15�87 16�90 17�75 20�57
FeOt 11�07 14�44 14�08 6�16 17�69 13�70 11�52
MgO 5�49 8�36 9�25 10�50 6�87 8�65 5�62
CaO 10�03 12�14 13�65 14�08 13�05 13�20 10�57
Na2O 2�32 1�05 0�79 1�45 1�07 1�15 2�39
K2O 0�19 0�44 0�08 0�17 0�29 0�23 0�10
Total* 99�42 97�68 99�05 98�30 96�86 97�31 99�36
XMg 0�47 0�51 0�54 0�75 0�41 0�53 0�46
Ni 32 97 53 187 34 64 22
Cr 53 106 68 1339 11 116 38
Sc 42�5 48�7 59�4 38�8 61�2 49�4 31�8
V 296 445 479 168 670 430 282
Ba 101 96 19 63 75 33 78
Rb 1�4 6�3 0�3 1�1 2�9 2�2 0�3
Sr 209 1698 175 95 219 174 277
Zr 88 17 16 28 32 16 28
Y 24�80 12�04 10�94 16�99 21�65 12�48 13�55
La 11�36 6�20 2�92 7�72 8�92 2�42 10�77
Ce 25�87 15�34 8�34 18�46 23�90 6�97 23�05
Pr 3�66 2�08 1�29 2�37 3�50 1�13 3�13
Nd 17�10 9�21 6�24 9�65 15�84 5�81 14�10
Sm 4�78 2�44 1�85 2�40 4�15 1�86 3�35
Eu 1�44 0�85 0�64 0�64 1�07 0�64 1�39
Gd 4�98 2�51 2�08 2�68 4�16 2�11 3�31
Tb 0�84 0�41 0�36 0�48 0�70 0�38 0�51
Dy 5�13 2�55 2�26 3�12 4�28 2�45 2�89
Ho 1�05 0�51 0�47 0�66 0�88 0�53 0�57
Er 2�71 1�35 1�24 1�84 2�39 1�40 1�47
Tm 0�38 0�19 0�18 0�28 0�34 0�21 0�20
Yb 2�27 1�19 1�09 1�72 2�10 1�21 1�20
Lu 0�34 0�19 0�16 0�27 0�32 0�19 0�19
U 0�06 0�12 0�01 0�17 0�04 0�05 0�03
Th 0�12 0�19 0�03 0�59 0�04 0�21 0�16
Hf 2�21 0�64 0�57 1�03 1�04 0�63 0�78

(continued)
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and commonly rimmed by amphibole (Fig. 10).

Compositionally, orthopyroxene varies in XMg from

0�57 to 0�67 (Table 6) and falls within the hypersthene

field (En 55–82). Within single samples, XMg variation

is <3%. In contrast to those from cumulate bodies (see
Otamendi et al., 2010), orthopyroxenes from the gab-

bronorites and tonalites of the mafic zone have signifi-

cantly lower XMg (0�59–0�67 vs �0�81; see SD Electronic

Appendix Fig. 1). These compositions fall within the

field of arc ‘cumulate’ orthopyroxene (Spandler et al.,

2003).

Amphibole
Amphibole occurs most commonly (Fig. 10) as rims on

pyroxene, and as oikocrysts (ranging in size from �1 to
5 cm in diameter). It is the dominant mafic mineral in

gabbroic dikes. Compositionally, the amphiboles

straddle the border of the hornblende–tschermakite–

pargasite field in the classification scheme of Leake et al.

(1997) (Table 7; SD Electronic Appendix Fig. 2).

Amphibole XMg (Fe as Fe2þ) ranges from 0�67 to 0�83,
although three samples have very similar ranges (�0�73–

0�81), whereas amphibole from FA2-11-02—a fairly deep

(�8 kbar) gabbronorite—has an overall lower XMg (0�67–

0�73, with two analyses at 0�78 and 0�81). Other than

sample FA2-11-02, the observed compositional variation

is minimal within samples.

Plagioclase
Plagioclase has the largest mode and is absent only in

some olivine-bearing rock types. It typically comprises
domains (<1 cm) of many subgrains (Fig. 10) with some

granoblastic triple-point boundaries. Plagioclase

anorthite contents vary from 74 to 98% (Table 8; SD

Electronic Appendix Fig. 3). However, variation is

minimal within samples. Plagioclase from an olivine-

bearing pyroxenite (FA-09-17) has a composition of

An97–98. Three gabbronorite samples (FA-09-16, FA-09-
06, and FA2-11-02) have plagioclase with An95–96,

An95–96, and An82–89, respectively; plagioclase from a

mafic dike (FA2-11-10) is An95–96; and plagioclase from

two tonalites (FA-11-12 and FA-10-05) is An74–83 and

An73–79, respectively. Only minor zoning is observed

within single grains. For example, An76 (core) to An83

(rim) from FA-11-12 is the most variation observed in

one grain. For comparison, Otamendi et al. (2010a)

Table 2: Continued

Sample: FA911 FA912 FA1005 FA1019 FA11-12 FA1014 FA-12-09 FA-12-03
Lithology: tonalite tonalite tonalite tonalite qtz-tonalite tonalite tonalite tonalite
Canyon: Usno Usno Usno Usno Coral Grande Las Tunas Turbante Turbante

SiO2 56�64 72�93 59�48 60�93 69�10 62�30 58�22 63�02
TiO2 1�21 0�55 0�824 0�621 1�360 0�799 0�950 0�724
Al2O3 17�49 13�09 17�88 15�55 11�33 16�58 18�06 16�36
FeOt 9�4 3�97 7�82 7�41 8�52 7�06 8�35 6�54
MgO 3�56 1�33 3�24 5�80 3�54 2�55 3�24 2�91
CaO 8�46 5�86 6�91 8�06 4�16 6�49 7�87 6�20
Na2O 2�62 1�98 3�07 1�25 1�63 3�25 2�70 3�19
K2O 0�16 0�14 0�40 0�15 0�23 0�62 0�18 0�75
Total* 99�27 98�82 99�13 98�74 99�43 99�32 99�19 99�79
XMg 0�40 0�37 0�42 0�58 0�43 0�39 0�41 0�44
Ni 14�8 3�7 19�3 60�5 47 10�5 14 16
Cr 18�8 7�5 34�2 219�6 107 19�1 22 26
Sc 27�1 11�4 25�5 33�6 24 22�6 26�0 18�9
V 232�7 93�3 176�3 206�4 186 147�9 175 156
Ba 82 67 141�4 64�5 138 240�0 113 519
Rb 1�0 0�8 2�9 1�3 2�7 4�3 0�8 8�9
Sr 249 184 217 140 168 207 267 178
Zr 260 78 160 41 693 151 84 118
Y 14�76 8�73 14�44 22�62 3�74 18�05 9�96 7�94
La 10�16 7�78 14�15 12�96 22�98 18�48 13�31 17�41
Ce 22�77 16�81 25�93 28�72 36�97 36�87 25�44 29�28
Pr 3�12 2�15 3�13 3�76 3�66 4�47 3�08 3�23
Nd 14�03 8�68 13�47 15�79 12�21 18�03 12�75 12�03
Sm 3�37 1�84 3�03 4�09 1�49 4�02 2�58 2�22
Eu 1�44 1�03 1�94 0�99 1�56 1�52 1�44 1�25
Gd 3�35 1�71 3�02 4�10 0�92 3�84 2�41 2�00
Tb 0�51 0�28 0�46 0�72 0�11 0�60 0�35 0�29
Dy 3�06 1�70 2�80 4�59 0�65 3�55 2�00 1�67
Ho 0�59 0�34 0�60 0�93 0�15 0�71 0�40 0�33
Er 1�63 0�98 1�69 2�57 0�51 1�90 1�04 0�87
Tm 0�23 0�15 0�26 0�37 0�10 0�27 0�14 0�12
Yb 1�36 0�92 1�80 2�30 0�89 1�74 0�88 0�81
Lu 0�23 0�15 0�30 0�35 0�17 0�27 0�14 0�14
U 0�15 0�16 0�17 0�17 0�30 0�24 0�05 0�19
Th 0�22 0�18 0�20 0�94 0�40 0�40 0�11 0�38
Hf 6�15 2�14 4�04 1�24 17�36 3�82 1�97 3�06
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reported SVF plagioclase compositions from an ultra-

mafic cumulate body ranging from An94 to An99; plagio-

clase from a hornblende gabbronorite yielded

compositions ranging from An89 to An92.

DISCUSSION

Mafic zone parent magma
High-XMg rocks exposed within the mafic zone con-

strain the composition of the parental magma to the

Valle Fértil mafic complex. The rocks with the highest

XMg are olivine websterites and relict troctolites and

occur as lenses or bodies meters to hundreds of meters

thick. Olivines from the ultramafic cumulates
(XMg¼ 0�77–0�82; Otamendi et al., 2010a) are in equilib-

rium with a crystallizing melt with XMg of 0�54–0�62

[assuming a KD
(ol–liq)(Fe–Mg)¼0�32 (Roeder & Emslie,

1970)]. These calculated melt XMg values are too low to

be in equilibrium with the mantle, suggesting that the

parental magmas experienced some differentiation
prior to crystallizing the ultramafic cumulates. Basal

dunites and pyroxenites observed in the Kohistan and

Talkeetna complexes (DeBari & Mortensen, 1994;

Jagoutz et al., 2006) are perhaps analogs for cumulates

crystallized from parental magmas prior to ascent to the

level exposed at the SVF.

Otamendi et al. (2010a), in their study of a Valle Fértil
ultramafic cumulate body, demonstrated that pyroxene

crystallization temperatures were �1200�C, with olivine

having crystallized at even higher temperatures.

Notably, the lithologies of the ultramafic cumulates are

indicative of an H2O-undersaturated crystallizing

magma. Amphibole is present interstitially or as over-

growths or reaction rims on pyroxenes, indicating that
the water content of the magma was not sufficient to

crystallize amphibole at an early stage. Based on this,

Otamendi et al (2010a) inferred an initial water content

of �1–2%.

Magma evolution recorded in the mafic zone
gabbronorite cumulates
With respect to major and trace elements, the mafic to
ultramafic rocks exhibit subtle trends. The low-SiO2

compositions of the gabbronorites are not

Table 2: Continued

Sample: FA908 FA11-13A FA-12–05 FA922 FA915 FA11-11
Lithology: grano- alkali granite metapelite metapelite metapelite metapelite

diorite leucogr leucogr
Canyon: Usno Coral Grande Cerro Blanco metaseds Usno Coral Grande

SiO2 71�77 78�94 74�85 63�66 56�78 74�70
TiO2 0�42 0�032 0�834 1�3 1�13 0�346
Al2O3 14�07 11�98 11�04 16�37 19�32 13�58
FeOt 3�17 0�28 3�80 7�77 11�96 2�04
MgO 0�95 0�03 1�50 3�69 4�43 0�62
CaO 3�34 1�30 0�73 3�4 1�06 2�61
Na2O 2�72 1�84 1�52 2�15 1�02 2�69
K2O 3�37 5�58 5�58 1�55 4 3�30
Total* 99�70 97�99 98�18 98�23 98�61 98�48
XMg 0�35 0�14 0�41 0�46 0�40 0�35
Ni 4�4 2 20 57�8 248�4 10
Cr 7�4 5 53 92�8 153�7 4
Sc 14�1 1 9�2 11�7 17�6 6
V 60�8 5 75 159�8 169�1 40
Ba 482 870 351 787 762 489
Rb 65�4 73�8 104�8 47�0 61�7 69�9
Sr 128 93 176 180 147 191
Zr 123 11 508 422 210 144
Y 7�64 0�46 36�73 7�45 7�69 21�03
La 14�25 6�64 55�96 29�35 27�35 42�36
Ce 24�98 9�59 113�88 53�43 46�25 86�31
Pr 2�83 0�91 13�18 5�66 4�67 9�78
Nd 10�96 2�92 48�82 19�71 16�39 35�97
Sm 2�12 0�39 9�55 3�22 2�66 7�06
Eu 1�04 0�86 1�96 1�73 2�48 2�03
Gd 1�89 0�22 7�97 2�28 2�01 5�91
Tb 0�27 0�02 1�24 0�28 0�28 0�86
Dy 1�52 0�10 7�26 1�48 1�53 4�61
Ho 0�31 0�02 1�44 0�30 0�32 0�83
Er 0�82 0�04 3�88 0�84 0�95 2�04
Tm 0�12 0�01 0�57 0�13 0�15 0�26
Yb 0�76 0�04 3�64 0�98 1�05 1�49
Lu 0�13 0�01 0�57 0�20 0�19 0�24
U 0�25 0�10 3�05 0�47 0�37 0�54
Th 0�33 0�93 19�15 2�55 4�52 13�92
Hf 3�23 0�42 13�45 11�41 5�92 3�86

(continued)
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representative of melts and they appear to be the cumu-

late product of a liquid line of descent (sensu lato). This

evolution is illustrated by the Z-shaped pattern
observed in the XMg vs SiO2 plot (see Fig. 6). Whole-

rock XMg values of the mafic rocks decrease from 0�8 to

�0�65 with increasing SiO2, at which point the trend

turns and SiO2 decreases with decreasing XMg. A simi-

lar inflection is also observed in the SiO2 vs TiO2 trend.

This and other compositional (FeO, V) and modal data

suggest the inflection of the SiO2 vs XMg (and TiO2)
trend corresponds to the onset of Fe–Ti oxide crystal-

lization and accumulation. At XMg of �0�4 and 42%

SiO2, there is another inflection in the trend. The sam-

ples that fall near this second inflection are marked by

the greatest abundances of Fe–Ti oxides (�5–8 vol. %),

and, correspondingly, the highest FeO (�20 wt %) and
TiO2 (�1�8 wt %) concentrations. From this point the

compositions range to higher SiO2 values with slightly

decreasing XMg—a typical trend for intermediate arc

rocks. Jagoutz et al. (2011) reported a similar Z-shaped

XMg vs SiO2 trend for the Southern Plutonic Complex of

the Kohistan batholith. There, the compositional

spectrum begins at higher XMg (�0�9) and some rock

types are garnetiferous (Jagoutz et al., 2007, 2011).

Clinopyroxene compositions yield additional evi-
dence for the evolution of the crystallizing magma. As

with olivine, the XMg of clinopyroxene can be used to

estimate the XMg of the melt with which it is in equilib-

rium [assuming a KD
(cpx–liq)(Fe–Mg)¼ 0�27; Sisson &

Grove, 1993; Pichavant & Macdonald, 2007]. For the

SVF rocks, clinopyroxene XMg (and calculated melt

XMg) decreases with whole-rock XMg, but the whole-
rock and calculated melt XMg do not have a 1:1 correl-

ation (Fig. 11). Instead, rocks with high XMg (>0�45) fall

above the 1:1 line—with whole-rock XMg being greater

than calculated melt XMg—suggesting that they accu-

mulated Mg-rich phases (such as olivine and orthopyr-

oxene) in the melt from which they crystallized.
Notably, several samples with <45 wt % SiO2 have cal-

culated melt XMg< 0�45 (and whole-rock XMg of <0�45),

indicating that they probably crystallized from a more

evolved magma.

The geochemical trends and the clinopyroxene com-

positions indicate that the gabbronorite suite is a

Table 2: Continued

Sample: FA917 FA-12-07 FA-12-08 FA-12-13 FA2-11-01B FA2-11-13
Lithology: amp–olv-norite websterite troctolite websterite relict troctolite relict troctolite
Canyon: Usno Turbante Turbante Algarrobo Usno Coral Grande

SiO2 45�28 43�05 42�00 46�98 45�60 46�03
TiO2 0�181 0�076 0�446 0�144 0�159
Al2O3 11�19 5�47 12�13 8�94 25�15 23�09
FeOt 11�99 14�70 12�16 12�38 4�69 5�19
MgO 21�27 32�60 26�05 21�64 7�02 8�07
CaO 9�04 3�21 7�02 8�13 16�51 16�69
Na2O 0�48 0�38 0�34 0�90 0�62 0�59
K2O 0�32 0�14 0�02 0�32 0�18 0�08
Total* 98�06 93�64 94�41 99�02 98�71 97�44
XMg 0�76 0�80 0�79 0�76 0�73 0�73
Ni 453�8 742 440 527 85 84
Cr 926�1 1175 368 2292 445 545
Sc 28�5 16�4 11�4 33�6 25�4 29�4
V 112�9 85 50 175 80 96
Ba 52 32 9 140 81 24
Rb 10�6 3�3 0�5 10�7 4�0 1�9
Sr 90 47 90 103 218 208
Zr 17 14 3 31 6 6
Y 5�89 4�57 1�20 9�57 3�02 3�30
La 2�64 2�35 0�43 5�97 1�03 1�22
Ce 6�79 5�47 0�95 11�51 2�38 2�80
Pr 0�94 0�76 0�13 1�45 0�32 0�39
Nd 4�24 3�37 0�58 6�29 1�56 1�80
Sm 1�11 0�88 0�18 1�60 0�47 0�55
Eu 0�29 0�21 0�09 0�49 0�24 0�22
Gd 1�13 0�88 0�20 1�81 0�53 0�62
Tb 0�19 0�15 0�03 0�31 0�09 0�11
Dy 1�18 0�91 0�22 1�88 0�60 0�65
Ho 0�24 0�18 0�05 0�39 0�13 0�14
Er 0�64 0�51 0�13 1�08 0�34 0�36
Tm 0�09 0�08 0�02 0�15 0�05 0�05
Yb 0�57 0�47 0�14 0�96 0�30 0�32
Lu 0�08 0�07 0�02 0�14 0�05 0�05
U 0�22 0�13 0�02 0�49 0�04 0�07
Th 0�86 0�57 0�09 2�26 0�14 0�22
Hf 0�61 0�44 0�09 0�84 0�20 0�21

*Pre-normalization totals.
gn, gabbronorite.
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cumulate or residual assemblage. We rarely observe

cumulus textures such as monomineralic banding or

size sorting. However, primary igneous features such as

inclusions, small pegmatites, veinlets, and local modal

layering are preserved; consequently, subsequent

metamorphic re-equilibration was limited, probably to
the grain scale. It is also likely that repeated disruption

and mixing of the crystal mush by open-system proc-

esses disrupted the gradual accumulation of crystals

from a stagnant or weakly convecting melt.

Tonalites in the mafic zone
Tonalites form a significant portion (�40% by area) of

the SVF mafic zone. There are many subtle differences

between the tonalites of the SVF mafic zone and those
higher in the section in the intermediate and silicic

zones. The most significant difference is that the mafic

zone tonalites have a low K2O concentration (<1 wt %,

with many less than 0�5 wt %; see Fig. 6) with respect to

the silicic zone tonalites (�2 wt % K2O). In general, the

tonalites from the mafic zone are also less silicic than
those higher in the section. Additionally, at any given

silica content, mafic zone tonalites tend to have slightly

higher concentrations of MgO and CaO, and lower

concentrations of Rb, Ba, and light REE (LREE) (see Figs

6 and 8).

Tonalites in the SVF mafic zone are heterogeneous,

complexly interlayered and gradational into the gabbro-
norites. Tonalitic material is also present as stringers,

patches, and veins in many of the gabbronoritic rocks

(see Fig. 3). One sample of such a leucotonalite vein

(FA-12-14) is indistinguishable from the more massive,

low-K tonalitic domains. We were unable to identify

many field relations that unambiguously demonstrate
the process by which the magma differentiated—only

that tonalite coexists with gabbronorite in outcrop and

that ostensibly the two were segregated, or in the pro-

cess of being segregated, from one another (Zavala

et al., 2011; Putirka et al., 2014). Below, we explore a

petrogenetic model in which we relate the gabbronor-

ites and the tonalites through fractional crystallization.

Petrogenetic model
Comprehensive petrogenetic models for the Sierra
Valle Fertı́l suite (mafic to felsic rocks) have been previ-

ously presented, although these models do not ad-

equately describe the compositional variation of all the

SVF rocks (Otamendi et al., 2009a, 2010a, 2012).

Because the compositions of the low-K tonalites of the

SVF mafic zone are distinct from those found elsewhere

in the suite, we treat these data separately. Here we pro-
vide a fractional crystallization model for major and

trace elements to explore the genetic relationship of

mafic zone gabbronorites and tonalites. From a starting

composition cumulate compositions are removed in

steps. The cumulate composition is changed with each

fractionation step. This model is explicitly linked to the
geology of the SVF: the cumulate composition removed

at any given step is a calculated average composition of

a mafic to ultramafic subgroup from the SVF mafic com-

plex. Essentially, observed whole-rock compositions

are used for cumulates, rather than inferred crystallizing

assemblages and fixed distribution coefficients (see

Jagoutz, 2010; Bucholz et al., 2014).
The starting composition for the SVF model (see

Table 9) was calculated by averaging three SVF mafic

rocks with XMg from 0�55 to 0�6. One of these (FA-11-01)

is a mafic dike; the other two (FA-12-17 and FA-09-18)

are mafic rocks with relatively non-cumulate compos-

itions (�50–52% SiO2, Eu/Eu*¼ 0�7–0�75). This starting
composition is consistent with olivine and clinopyrox-

ene compositions that suggest that the parental magma
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to the exposed SVF magma system was not a mantle-

equilibrated primitive basaltic melt. The concentrations

of several trace elements (notably Sr, Y, Sc, and REE)

were adjusted from the calculated starting composition

to provide a better fit for the model, although these

adjustments were always within the range of concentra-
tions for the three rocks used for the starting compos-

ition average.

From the starting composition, five distinct cumulate

compositions were progressively subtracted over five

steps to derive residual liquids (the ‘liquid line of des-

cent’; Fig. 12). The mass-balance equation used to cal-

culate the concentration for any given element—major
or trace—at each step is

D ¼ ðM–XCÞ=ð1–X Þ

where D is the elemental concentration in the daughter

magma, M is the elemental concentration in the starting

magma, C is the elemental concentration of the cumu-

late removed during that step, and X is the fraction of

cumulate removed during the step (e.g. X¼ 0�2 for 20%
removal). Each of the five cumulate compositions used

in the model is an average of one of the compositional

groups identified on the XMg vs SiO2 trend (Fig. 13;

Table 9). The model proceeds by first subtracting out a

chosen percentage of cumulate group 1. From the

daughter magma derived from that first step, a percent-

age of cumulate group 2 is subtracted. From that
daughter magma, a percentage cumulate group 3 is

subtracted, and so on.

From the starting composition the best-fit model

subtracts, stepwise, 20% of cumulate group 1, 15% of

group 2, 10% of group 3, 30% of group 4, and 30% of

group 5, for a maximum of 70% crystals removed rela-
tive to the original magma (F¼ 0�3). The most evolved

daughter magma produced in this model is a tonalite

with 62% SiO2. This fractionation model is consistent

with the production of the <62% SiO2 tonalites

observed in the field. One important distinction of this

model is that this fractionation pathway is forced to pro-

duce the same ‘cumulate line of descent’, consistent
with compositional data from the SVF cumulates (ultra-

mafic cumulates and hornblende gabbronorites). For

the model to fit, the crystallization sequence must pro-

ceed in its correct order, regardless of where it is

stopped (for example, first removing 20% of cumulate

group 1, then 15% of cumulate group 2, then 10% of cu-
mulate group 3, etc.).

Discussion of the petrogenetic model
Much of the SVF mafic zone compositional array below
62 wt % SiO2 is consistent with an origin by fractional

crystallization in which the mafic rocks are the cumulate

assemblages and the silicic rocks are the daughter mag-

mas. However, it is difficult to field-test the cumulate

volumes that our model implies. With the exception of

the olivine-bearing samples, the cumulate rocks from

the different groups are all gabbronorites and appear
very similar in hand sample, making it extremely diffi-

cult to distinguish between the gabbronorite varieties in

the field. For this model, the cumulate volumes—per

cent fractionated—were chosen so as to generate the

best fit for the residual liquid to the tonalites within the

mafic zone. We do not, then, place special importance
on these exact volumes of cumulates, although they do

provide the best fit.
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There is a significant degree of scatter in the tonalite

compositions. This is probably due to additional proc-
esses not considered in our simple fractionation model,

such as magma mixing and small degrees of assimila-

tion (see Jagoutz, 2010; Putirka et al., 2014). We do not

take into account isotopes in our fractionation model

(see Otamendi et al., 2012). Additionally, we have not

attempted to model the generation of tonalites with

>62% SiO2. Above 62% SiO2, a more complex set of as-
similation, mixing, and fractionation processes control

compositional diversity. For example, Na2O decreases

with increasing SiO2 beginning at �62% SiO2, probably

the result of the saturation of an increasingly sodic

plagioclase with progressive fractionation, an effect not
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Fig. 10. Back-scattered electron images for the SVF mafic zone rocks, including gabbronorite (a, c, f), gabbro dike (b), amphibole–
olivine gabbronorite (d), and tonalite (e). The lack of euhedral grains [with the exception of apatite in (e)] and the total lack of zoning
in any mineral should be noted. A consertal texture is common (a, b, e, f), as is a granoblastic texture (c). It should be noted in (d)
that the olivine is heavily altered to serpentine, but that fresh domains persist.
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taken into account by our model. K2O remains low

(<1 wt %) in most mafic zone tonalites, even those with
>73% SiO2; hence it is likely that these high-SiO2, low-

K, low-Na tonalites do not represent liquid compos-

itions but have lost melt or fluid rich in K and Na.

Numerous experiments demonstrate that a range of

tonalite compositions can be readily generated via par-

tial melting of a basaltic or amphibolitic source (Beard
& Lofgren, 1989; Rapp, 1991; Wolf & Wyllie, 1994;

Beard, 1995; Rapp & Watson, 1995; Sisson et al., 2005;

Saito et al., 2007). Although the compositions of the

SVF mafic zone tonalites are exceptionally low-K and

low-Na, they are not altogether dissimilar from tonalites

produced experimentally by partial melting. Arc rocks

similar in composition to the SVF mafic zone tonalites
have been reported elsewhere and interpreted to be the

result of partial melting (Beard, 1997; Kawate & Arima,

1998; Haraguchi et al., 2003; Saito et al., 2004; Smith

et al., 2006). However, in the SVF mafic zone we see

very little direct evidence supporting a partial melting

relationship between the mafic and silicic rocks. We in-
terpret the gabbronorites to be the result of phenocryst

accumulation; their modes and compositions display

distinctive trends that are not consistent with the resi-

dues of partial melting experiments [see fig. 3 of

Jagoutz et al., (2011)]. Furthermore, manifest field rela-

tions indicating interspersed and intermingled bodies
of gabbronorite and tonalite are more consistent with a

complex series of intrusive and local melt extraction

events. We do not find geological or petrographic

evidence that partial melting, as expressed by amphi-

bole breakdown, is a dominant process generating the
silicic rocks.

SiO2 enrichment: the importance of amphibole
and Fe–Ti oxides
The process of silica enrichment in a fractionating bas-

altic magma is problematic because plagioclase and
pyroxene—the two most common crystallizing minerals

in basalts—have essentially the same composition as

the magma. A liquid separated from a plagioclase–pyr-

oxene cumulate would be very similar with respect to

its silica content—the so-called ‘gabbro barrier’

(Davidson et al., 2007; Jagoutz, 2010). For silica enrich-
ment to occur, low-SiO2 phases such as olivine, garnet,

amphibole, and Fe–Ti oxides must be retained in the cu-

mulate relative to the expelled liquid (Bergantz, 1991;

Claeson & Meurer, 2004; Davidson et al., 2007;

Dessimoz et al., 2012; Smith, 2014). Garnet is excluded

in our discussion because we find no igneous garnet in

the SVF mafic rocks. Olivine is observed only in the
ultramafic cumulates. Amphibole and Fe–Ti oxides,

however, are abundant in the SVF rocks.

Amphibole is ubiquitous in the Valle Fértil crustal

section and forms anywhere from �5 to �40% of the

gabbronorites, although it is rarely found as discrete,

sub- to euhedral grains. It is typically present as rims on
pyroxenes, and as oikocrysts ranging from �1 to 5 cm

in diameter. It is also observed as the dominant mafic

Table 4: Major element compositions of selected olivine from SVF rocks

FA-12-07 FA-12-07 FA-12-07 FA-12-07 FA-12-08 FA-12-08 FA-12-08 FA-12-08

SiO2 40�02 39�49 39�18 39�27 39�46 38�95 38�5 39�16
Cr2O3 0�00 0�00 0�00 0�01 0�01 0�00 0�00 0�00
FeO 17�69 18�36 18�26 18�16 19�38 19�50 18�85 19�33
MnO 0�27 0�35 0�21 0�27 0�28 0�27 0�24 0�22
MgO 41�83 41�65 42�25 42�20 40�75 41�17 42�32 41�18
CaO 0�01 0�00 0�00 0�00 0�01 0�01 0�02 0�01
NiO 0�16 0�15 0�10 0�09 0�11 0�11 0�07 0�10
Pre-norm total 99�18 99�12 99�40 99�54 99�75 99�61 100�20 99�70
Fo % 80�57 79�88 80�30 80�32 78�70 78�78 79�77 78�96
XMg olivine 0�81 0�80 0�80 0�80 0�79 0�79 0�80 0�79
XMg of melt* 0�55 0�54 0�55 0�55 0�53 0�53 0�54 0�53
T(liquidus)† 1249 1245 1248 1248 1240 1240 1245 1241

FA-12-13 FA-12-13 FA-12-13 FA-12-13 FA-09-17 FA-09-17 FA-09-17 FA-09-17

SiO2 39�34 39�41 39�18 39�23 38�95 38�47 38�48 38�37
Cr2O3 0�00 0�01 0�00 0�00 0�00 0�00 0�02 0�00
FeO 17�04 16�74 17�30 17�30 20�65 21�24 20�47 21�41
MnO 0�26 0�30 0�28 0�28 0�28 0�29 0�28 0�28
MgO 43�16 43�29 43�02 42�95 39�98 39�87 40�58 39�80
CaO 0�01 0�00 0�01 0�00 0�03 0�01 0�01 0�00
NiO 0�20 0�25 0�21 0�22 0�12 0�13 0�15 0�13
Pre-norm total 99�11 99�75 100�27 100�31 99�12 99�54 99�32 99�42
Fo % 81�63 81�90 81�34 81�31 77�27 76�73 77�70 76�58
XMg olivine 0�82 0�82 0�81 0�81 0�77 0�77 0�78 0�77
XMg of melt* 0�57 0�58 0�57 0�57 0�50 0�50 0�51 0�50
T(liquidus)† 1254 1256 1253 1253 1233 1231 1235 1230

*XMg melt assumes a KD
(ol–liq)(Fe–Mg)¼0�32 (Roeder & Emslie, 1970; Pichavant & Macdonald, 2007).

†Liquidus T from Niu et al. (2002).
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mineral in gabbroic dikes and in a few relict troctolites.

Texturally, then, it appears that amphibole either re-

places other minerals or was a late phase on the
liquidus of the Valle Fértil magmas. Nevertheless, other

compositional trends, such as depleted Zr/Hf in amphi-

bole gabbronorites and steepening REE trends with

increasing SiO2 [although Dy/Yb does not change ap-

preciably (see Davidson et al., 2007)] indicate that

amphibole crystallization exerted an influence on the

fractionating magma compositions, like that commonly
reported in xenoliths from arcs (Smith, 2014).

In addition to amphibole, Fe–Ti oxide fractionation

produces silica enrichment. In the SVF, magnetite and

ilmenite appear in all gabbronorites. The cumulate sub-

groups, as identified on the XMg vs SiO2 plot, have not-

able differences in Fe–Ti oxide abundances. Fe–Ti
oxides increase in abundance with progression along

the ‘cumulate line of descent’. High-XMg rocks (> �0�6;

red and orange cumulate groups in Fig. 13) have trace

amounts of Fe–Ti oxides. Intermediate-XMg rocks (0�5–

0�6; green cumulate group) have appreciable Fe–Ti

oxides (<�3% magnetite, <�1�2% ilmenite). Cumulates

with the lowest XMg (�0�4–0�5; blue cumulate group)
and the lowest SiO2 (�41–45%) are particularly rich in

magnetite and ilmenite (�4% and �1–2% respectively,

with consequently high concentrations of TiO2 and FeO;

Fig. 14; see also Fig. 6). It is notable that there is no such
relationship between amphibole mode and whole-rock

composition. Hence it is likely that the accumulation of

Fe–Ti oxides is perhaps more important than amphibole

in producing silica enrichment in some arc rocks.

The extreme abundances of Fe–Ti oxides in certain cu-

mulate lithologies suggest that, in the fractionation se-

quence, Fe–Ti oxide ‘blooms’ may occur, perhaps
during recharge of mafic magmas or when the thermo-

dynamic or magmatic state favors increased crystalliza-

tion and accumulation.

Assimilation of country rock
The Famatinian arc was constructed on, and within, a

fertile, miogeoclinal sequence on the edge of the proto-

South American continent (Otamendi et al., 2008;

Cristofolini et al., 2012). It therefore should not be

viewed as an ‘Andean’ arc because it was not emplaced

within an old, thick craton (Ducea et al., 2010). Neither
should it be viewed as an island arc, because it was con-

structed on the edge of a continent. Petrogenetic

Table 5: Major element compositions of selected clinopyroxene from SVF rocks

Sample: FA2-11-12 FA2-11-12 FA2-11-12 FA2-11-12 FA-10-19 FA-10-19 FA-10-19 FA-10-19
Lithology: hbl gn hbl gn hbl gn hbl gn tonalite tonalite tonalite tonalite

SiO2 51�18 51�20 51�24 52�16 52�10 52�06 52�77 52�39
TiO2 0�41 0�40 0�42 0�27 0�25 0�32 0�13 0�22
Al2O3 3�04 2�99 3�19 2�31 2�48 2�42 1�48 2�25
Cr2O3 0�00 0�01 0�00 0�00 0�08 0�08 0�05 0�08
FeO 8�54 8�21 9�53 7�64 8�92 8�39 6�89 8�00
MnO 0�32 0�34 0�37 0�30 0�28 0�29 0�27 0�30
MgO 13�64 13�62 13�98 14�12 13�89 13�52 14�74 13�98
CaO 22�51 22�87 20�93 22�90 21�62 22�44 23�34 22�38
Na2O 0�37 0�36 0�34 0�30 0�38 0�49 0�32 0�40
Total 100�87 100�01 99�36 99�78 99�31 99�37 99�57 100�06
XMg cpx 0�79 0�79 0�81 0�79 0�78 0�76 0�81 0�78
XMg melt* 0�43 0�44 0�41 0�47 0�43 0�44 0�51 0�46
Wo 46�74 47�42 43�77 47�20 45�13 46�94 47�41 46�55
En 39�42 39�30 40�68 40�50 40�34 39�36 41�67 40�46
Fs 13�84 13�29 15�55 12�29 14�53 13�70 10�92 12�99

Sample: FA2-11-02 FA2-11-02 FA-11-02 FA-11-02 FA-09-16 FA-09-16 FA-09-17 FA-09-17
Lithology: hbl gn hbl gn hbl gn hbl gn hbl gn hbl gn amph–olv amph–olv

norite norite

SiO2 51�91 51�23 51�75 52�28 52�62 51�82 51�80 51�39
TiO2 0�07 0�11 0�10 0�04 0�04 0�12 0�22 0�17
Al2O3 2�38 2�70 2�25 2�36 1�99 2�54 3�31 4�20
Cr2O3 0�00 0�00 0�00 0�00 0�00 0�00 0�14 0�11
FeO 9�41 10�82 9�96 8�80 7�76 8�22 4�78 5�59
MnO 0�38 0�43 0�40 0�33 0�20 0�20 0�12 0�20
MgO 13�31 13�60 13�29 13�55 14�20 14�03 15�61 14�98
CaO 22�06 20�60 21�76 22�18 22�81 22�63 23�79 23�07
Na2O 0�48 0�51 0�49 0�46 0�38 0�46 0�23 0�29
Total 99�79 99�17 100�12 99�70 100�41 100�01 99�56 99�36
XMg cpx 0�76 0�79 0�76 0�76 0�79 0�80 0�89 0�87
XMg melt* 0�41 0�38 0�39 0�43 0�47 0�45 0�61 0�56
Wo 46�03 42�94 45�31 46�30 46�91 46�60 48�31 47�79
En 38�64 39�45 38�50 39�36 40�63 40�19 44�11 43�18
Fs 15�33 17�61 16�19 14�34 12�46 13�21 7�58 9�04

*XMg (melt) assumes a KD
(cpx–liq)¼0�27 (Sisson & Grove, 1993; Pichavant & McDonald, 2007).
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studies based on isotope data from the Kohistan
(Petterson et al., 1993; Dhuime et al., 2009; Jagoutz,

2010) and Talkeetna (Rioux et al., 2007) crustal sec-

tions—both paleo island arcs—suggest that assimila-

tion of pre-existing country rocks plays only a minor

role in contributing to the mass of arc magmas. Some

studies on the Bonanza arc have made similar argu-

ments (Cui & Russell, 1995; Larocque & Canil, 2010), al-
though there are differing opinions (see DeBari et al.,

1999). The Kohistan and Talkeetna arcs intrude pre-

existing crust that is dominantly oceanic in compos-

ition, with isotopic characteristics similar to those of

typical mantle. However, in the western domain of the

Talkeetna complex, isotopic compositions are more
variable and are interpreted to reflect the influence of

the adjacent Wrangellia terrane (Rioux et al., 2007).

Some Bonanza arc rocks show isotopic influence from

their country rocks (older arc rocks along with some

clastic sediments and carbonates), but many of the

country rocks themselves are primitive isotopically
(Samson et al., 1990; Andrew et al., 1991). A possible

analogue to the SVF is the Salinian block (California,

USA), where late Cretaceous granitoids intrude a thick

sequence of sedimentary rock (Ducea et al., 2003;

Kidder et al., 2003).

In the upper portions of the SVF arc section, which is
dominated by tonalite and granodiorite, field and com-

positional evidence for the assimilation of country-rock

by the SVF magmas is unequivocal (Otamendi et al.,

2009a, 2010b, 2012). In the mafic complex, sparse field

relations clearly exhibit the process of country-rock

melting and reaction (Otamendi et al., 2008; Gallien

et al., 2010; Cristofolini et al., 2012). Additionally, Ducea
et al. (2010) reported the presence of xenocrystic zir-

cons from one sample from the mafic zone. Finally, the

radiogenic isotope compositions of the SVF rocks have

a crustal component, with initial (475 Ma) 87Sr/86Sr>

0�7052 and eNd< 2�1, with most rocks having Sri> 0�708

and eNd< –4�0 (Fig. 9; Otamendi et al., 2012). Even the
gabbronorites of the mafic zone have crustal isotopic

signatures, although many are deficient in SiO2 (<47%)

and K2O (<0�5%). This crustal isotopic affinity of the

SVF rocks can plausibly be attributed in part to a ‘pol-

luted’ mantle source in which the lithospheric mantle

was already contaminated by crustal material, whether
by lower crustal delamination, subduction erosion, or

some other mechanism (Stern, 1991; Kay & Mahlburg

Kay, 1993; Ducea & Saleeby, 1998; Lackey et al., 2005).

However, even with a contaminated mantle source

some amount of crust is necessary to explain the

Table 6: Major element compositions of selected orthopyroxene from SVF rocks

Sample: FA2-11-12 FA2-11-12 FA2-11-12 FA2-11-12 FA-10-19 FA-10-19 FA-10-05 FA-10-05
Lithology: hbl gn hbl gn hbl gn hbl gn tonalite tonalite tonalite tonalite

SiO2 52�52 52�56 52�41 52�86 52�91 52�46 51�87 52�14
TiO2 0�13 0�08 0�08 0�08 0�08 0�09 0�09 0�08
Al2O3 1�52 1�37 1�30 1�16 1�14 1�01 1�44 1�36
Cr2O3 0�02 0�02 0�01 0�01 0�03 0�03 0�00 0�01
MnO 0�89 0�80 0�77 0�85 0�66 0�86 1�13 1�18
MgO 22�77 22�60 22�79 22�69 22�44 21�48 21�02 21�34
FeO 21�62 22�25 22�19 21�90 22�30 23�64 23�90 23�37
CaO 0�53 0�32 0�45 0�45 0�44 0�42 0�54 0�52
Na2O 0�01 0�00 0�00 0�00 0�00 0�00 0�00 0�00
Total* 99�62 99�59 99�44 99�28 99�03 99�06 99�57 98�95
XMg 0�65 0�64 0�65 0�65 0�64 0�62 0�61 0�62
En 64�54 64�00 64�09 64�28 63�64 61�30 60�38 61�28
Fs 34�37 35�34 35�00 34�80 35�47 37�84 38�51 37�64
Wo 1�09 0�66 0�92 0�92 0�89 0�86 1�12 1�07

Sample: FA2-11-02 FA2-11-02 FA-09-16 FA-09-16 FA-09-17 FA-09-17 FA-09-20 FA-09-20
Lithology: hbl gn hbl gn hbl gn hbl gn amph–olv amph–olv norite norite

norite norite

SiO2 51�83 51�18 52�60 52�86 53�88 53�18 51�76 52�16
TiO2 0�00 0�00 0�00 0�00 0�02 0�07 0�12 0�09
Al2O3 1�54 1�63 1�41 1�37 3�14 3�36 1�26 1�17
Cr2O3 0�00 0�00 0�00 0�00 0�09 0�07 0�00 0�00
MnO 0�83 0�90 0�59 0�51 0�31 0�30 1�13 1�06
MgO 21�17 20�44 22�63 22�64 28�48 28�56 20�81 21�03
FeO 24�20 25�44 22�36 22�23 13�74 14�00 23�96 24�03
CaO 0�42 0�39 0�40 0�37 0�32 0�45 0�94 0�46
Na2O 0�01 0�02 0�01 0�02 0�00 0�00 0�00 0�00
Total* 99�78 99�91 99�80 100�47 99�80 99�86 99�32 99�94
XMg 0�61 0�59 0�64 0�64 0�79 0�78 0�61 0�61
En 60�41 58�41 63�82 64�00 78�20 77�74 59�58 60�36
Fs 38�74 40�78 35�37 35�25 21�16 21�38 38�48 38�69
Wo 0�86 0�81 0�81 0�74 0�64 0�88 1�94 0�95

*Pre-normalization totals.
gn, gabbronorite.
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Table 7: Compositions of select amphibole grains from SVF rocks

Sample: FA2-11- FA2-11- FA2-11- FA2-11- FA2-11- FA2-11- FA2-11- FA2-11-
02 02 02 02 10 10 10 10

Lithology: hbl gn hbl gn hbl gn hbl gn hbl gn hbl gn hbl gn hbl gn

SiO2 43�35 44�74 42�75 43�83 44�94 42�65 43�15 44�46
TiO2 1�46 1�54 1�70 1�78 1�53 2�18 1�91 1�59
Al2O3 11�13 9�37 11�47 10�76 10�36 11�73 11�74 11�19
Cr2O3 0�04 0�02 0�02 0�00 0�02 0�04 0�02 0�00
FeO 14�16 14�90 14�54 14�21 11�60 12�60 12�22 11�13
MnO 0�18 0�27 0�16 0�21 0�16 0�14 0�13 0�12
MgO 12�49 12�45 12�36 12�67 14�63 13�28 13�33 14�26
CaO 11�62 11�48 11�19 11�78 11�76 11�80 11�96 12�07
Na2O 1�37 1�27 0�98 1�34 1�56 1�72 1�69 1�52
K2O 1�37 1�09 1�04 1�28 1�10 1�36 1�33 1�31
Total 97�17 97�13 96�21 97�86 97�66 97�51 97�48 97�65
Si 6�39 6�59 6�30 6�42 6�49 6�26 6�33 6�46
Aliv 1�61 1�41 1�70 1�58 1�51 1�74 1�67 1�54
Alvi 0�32 0�22 0�29 0�27 0�26 0�29 0�36 0�37
Ti 0�16 0�17 0�19 0�20 0�17 0�24 0�21 0�17
Cr 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00
Fe3þ 0�64 0�65 1�04 0�60 0�63 0�51 0�40 0�40
Fe2þ 1�10 1�19 0�75 1�14 0�77 1�03 1�10 0�95
Mn 0�02 0�03 0�02 0�03 0�02 0�02 0�02 0�01
Mg 2�74 2�74 2�71 2�77 3�15 2�90 2�91 3�09
Ca 1�83 1�81 1�77 1�85 1�82 1�85 1�88 1�88
Na 0�39 0�36 0�28 0�38 0�44 0�49 0�48 0�43
K 0�26 0�21 0�20 0�24 0�20 0�26 0�25 0�24
Total 17�48 17�38 17�24 17�47 17�46 17�60 17�61 17�55
Na (B) 0�17 0�19 0�23 0�15 0�18 0�15 0�12 0�12
Ca (B) 1�83 1�81 1�77 1�85 1�82 1�85 1�88 1�88
(NaþK) (A) 0�48 0�38 0�24 0�47 0�46 0�60 0�61 0�55
Mg/(MgþFe2þ) 0�71 0�70 0�78 0�71 0�80 0�74 0�73 0�76
Mg# (total Fe) 0�61 0�60 0�60 0�61 0�69 0�65 0�66 0�70
Fe3þ/(Fe3þþAlvi) 0�67 0�74 0�78 0�69 0�71 0�64 0�53 0�52

Sample: FA-09- FA-09- FA-09- FA-09- FA-10- FA-10- FA-10- FA-10-
16 16 16 16 19 19 19 19

Lithology: hbl gn hbl gn hbl gn hbl gn tonalite tonalite tonalite tonalite

SiO2 45�25 45�18 45�66 45�34 44�90 45�16 44�39 45�10
TiO2 1�44 1�59 1�48 1�52 1�43 1�09 1�76 1�57
Al2O3 9�80 10�09 9�55 9�61 10�56 10�53 10�56 10�10
Cr2O3 0�10 0�17 0�14 0�11 0�08 0�15 0�23 0�10
FeO 12�79 12�23 11�92 12�03 12�93 12�42 12�92 12�57
MnO 0�17 0�10 0�12 0�09 0�16 0�11 0�17 0�14
MgO 13�92 14�11 14�38 14�26 13�43 14�02 13�28 13�61
CaO 11�98 11�93 12�08 12�03 11�78 11�65 11�71 11�76
Na2O 1�33 1�36 1�26 1�38 0�97 0�99 1�09 0�94
K2O 0�72 0�78 0�73 0�72 0�95 0�95 1�14 1�01
Total 97�51 97�52 97�31 97�10 97�19 97�08 97�25 96�90
Si 6�57 6�54 6�62 6�60 6�52 6�53 6�48 6�57
Aliv 1�43 1�46 1�38 1�40 1�48 1�47 1�52 1�43
Alvi 0�24 0�27 0�25 0�25 0�33 0�33 0�29 0�31
Ti 0�16 0�17 0�16 0�17 0�16 0�12 0�19 0�17
Cr 0�01 0�02 0�02 0�01 0�01 0�02 0�03 0�01
Fe3þ 0�63 0�59 0�54 0�53 0�70 0�82 0�63 0�64
Fe2þ 0�93 0�89 0�90 0�94 0�87 0�68 0�94 0�90
Mn 0�02 0�01 0�01 0�01 0�02 0�01 0�02 0�02
Mg 3�01 3�05 3�11 3�09 2�91 3�02 2�89 2�96
Ca 1�86 1�85 1�88 1�88 1�83 1�81 1�83 1�84
Na 0�37 0�38 0�35 0�39 0�27 0�28 0�31 0�26
K 0�13 0�14 0�13 0�13 0�18 0�18 0�21 0�19
Total 17�37 17�38 17�36 17�40 17�28 17�26 17�35 17�29
Na (B) 0�14 0�15 0�12 0�12 0�17 0�19 0�17 0�16
Ca (B) 1�86 1�85 1�88 1�88 1�83 1�81 1�83 1�84
(NaþK) (A) 0�37 0�38 0�36 0�40 0�28 0�26 0�35 0�29
Mg/(MgþFe2þ) 0�76 0�77 0�78 0�77 0�77 0�82 0�75 0�77
Mg# (total Fe) 0�66 0�67 0�68 0�68 0�65 0�67 0�65 0�66
Fe3þ/(Fe3þþAlvi) 0�72 0�69 0�68 0�68 0�68 0�72 0�68 0�67

Structural formula determined using cation charge summing to 46, and Fe2þ/Fe3þ estimated on the basis of 13 cations, after
Leake et al. (1997).
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extreme isotopic variation of the SVF rocks (Otamendi

et al., 2012).

Despite field and isotopic evidence for crustal contri-
butions within the mafic zone, major and trace element

data are consistent with crystal fractionation alone (or

rather, do not require the addition of a contaminant).

This presents a modeling dilemma because typical as-

similation–fractional crystallization (AFC) models as-

sume and predict coupled variations between

elemental and isotopic compositions when mantle-

derived magmas and crustal material are hybridized.

With an increasing crustal isotopic signature, an
increase in K2O and SiO2 and a decrease in CaO are

expected. Crustal contamination is also expected to

exert an influence on trace element concentrations, in

particular incompatible elements such as Rb, Ba, Nb,

and REE. As mentioned above, rocks from the SVF sili-

cic and intermediate zones (above the mafic zone) pre-

serve such elemental and isotopic coupling to some
extent, and in particular display a high-K trend that is in-

terpreted to be the product of assimilation and frac-

tional crystallization. There are a few mafic zone

tonalite samples that are compositionally suspect with

respect to their major and trace elements (elevated K2O,

Rb and Ba; low CaO; presence of biotite; e.g. FA-09-23,
FA-10-10, FA-11-19), but either these samples are near

the top of the mafic section or the field relations demon-

strate an intimate association with country-rock. Most

mafic zone rocks—gabbronorites and tonalites alike—

lack major and trace element crustal signatures. The

mafic zone is largely devoid of elements that are incom-

patible in the plagioclase- and pyroxene-dominant
assemblage.

We propose that elemental and isotopic decoupling

can be understood as a product of time-transgressive

assimilation, fractional crystallization, and melt loss in

the lower crust. In the earliest stages of the SVF

Table 8: Compositions of selected plagioclase from SVF rocks

Sample: FA-10-05 FA-10-05 FA-10-05 FA-11-12 FA-11-12 FA-11-12 FA2-11-10 FA2-11-10
Lithology: tonalite tonalite tonalite tonalite tonalite tonalite hbl gn hbl gn

SiO2 54�97 55�66 56�50 55�70 54�52 52�64 46�19 45�71
Al2O3 28�70 27�99 27�68 27�90 28�55 29�95 34�59 34�37
FeO 0�05 0�11 0�18 0�02 0�09 0�08 0�14 0�89
CaO 10�87 10�38 9�46 10�36 11�34 12�71 17�50 17�68
SrO 0�01 0�08 0�05 0�08 0�08 0�08 0�04 0�03
Na2O 5�24 5�45 5�69 5�82 5�31 4�47 1�50 1�26
K2O 0�16 0�32 0�44 0�12 0�11 0�07 0�04 0�07
Total* 99�94 100�48 100�62 99�70 100�22 100�11 100�56 99�69
XAn 0�78 0�76 0�73 0�76 0�79 0�83 0�95 0�96
XAb 0�21 0�22 0�24 0�24 0�20 0�16 0�05 0�04

Sample: FA-09-17 FA-09-17 FA2-11-02 FA2-11-02 FA-09-16 FA-09-16 FA-09-06 FA-09-06
Lithology: amph–olv amph–olv hbl gn hbl gn hbl gn hbl gn hbl gn hbl gn

norite norite

SiO2 43�83 44�67 50�28 53�19 46�68 45�38 45�19 45�63
Al2O3 35�74 35�19 31�73 29�52 34�10 34�93 34�61 34�43
FeO 0�10 0�11 0�20 0�13 0�21 0�17 0�21 0�59
CaO 19�47 18�78 14�34 12�29 17�22 18�21 18�46 17�75
SrO 0�06 0�08 0�02 0�06 0�05 0�05 0�03 0�07
Na2O 0�79 1�14 3�29 4�61 1�70 1�23 1�48 1�51
K2O 0�02 0�04 0�13 0�21 0�04 0�03 0�02 0�03
Total* 99�93 99�95 99�98 100�16 100�41 100�14 99�84 99�68
XAn 0�98 0�97 0�88 0�82 0�95 0�96 0�96 0�95
XAb 0�02 0�03 0�11 0�17 0�05 0�04 0�04 0�04

*Pre-normalization totals.
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Fig. 11. Whole-rock XMg [Mg/(MgþFetot)] vs calculated melt
XMg for mafic to ultramafic rocks in the Valle Fértil mafic zone.
Melt XMg is calculated from clinopyroxene assuming a
KD

cpx(Fe–Mg)¼0�27 (Roeder & Emslie, 1970). Samples with
whole-rock XMg>0�5 have corresponding melt XMg values that
are appreciably lower. This suggests that these rocks have
accumulated Mg-bearing phases relative to the crystallizing
magma. The range of melt XMg for single samples reflects mul-
tiple clinopyroxene analyses for each sample. One olivine-
bearing sample is indicated, and the gray sample is from
Otamendi et al. (2009b).
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magmatism when the thermal regime was relatively

cool, and in areas where magma flux was low, any as-

similation that occurred was incomplete and preserved

in the mafic zone rocks (in both gabbronorites and

tonalite). With continued mafic input, crustal melting

was probably extensive, as expressed by large amounts

of diatextite in neighboring septa, but the high tempera-

ture and increasingly mafic-dominated compositions

would limit the stability of minerals that partition crus-

tally contributed, incompatible major and trace elem-

ents (Barnes, 1986; Reiners et al., 1995). Prolonged or

punctuated periods of magma injection, crystallization,

assimilation, and melt segregation would thus result in

crustally contributed major and trace elements being

exported from the mafic zone. Throughout this process,

however, mineral accumulation would preserve crus-

tally derived isotopic signatures—the only detectable

evidence of the assimilant. Elemental and isotopic

decoupling, then, is conceivably an expected by-

product of prolonged mafic magmatism involving

assimilation accompanied by extremely efficient crys-

tal–melt segregation.

The anatomy of a MASH zone revealed
We interpret the mafic zone as the site at which mafic
magmas stalled, assimilated crust, partially crystallized

and remobilized previously stalled magmas. Such a

scenario is consistent with the MASH process (melting,

assimilation, storage, homogenization) proposed by

Hildreth & Moorbath (1988). We document such a pro-

cess from a field-based geological perspective.

Although assimilation and crystallization probably
occurred at multiple levels within the SVF system, the

mafic zone probably represents the first and perhaps

principal stage of differentiation of mantle-derived

melts prior to subsequent reintrusion or eruption. The

most primitive components are preserved as ultramafic

cumulates that occur sporadically throughout the mafic
section, forming discrete bodies that range in size from

tens of meters to �400 m thick (by <1 km wide). We in-

terpret the dimensions of these ultramafic bodies as in-

dicative of the size of possible parental magma batches

at this level of the system (actual batch sizes must have

been much larger as these ultramafic cumulates are in-

terpreted to have lost �80% melt). Although not

Table 9: Fractional crystallization model for SVF mafic zone rocks (see text for details)

Cumulates % Removed

Parent 1 2 3 4 5 0�2 0�15 0�1 0�3 0�3

SiO2 50�9 44�6 48�9 45�8 44�0 49�9 52�5 53�2 54�0 58�3 61�9
TiO2 0�807 0�20 0�52 0�97 1�38 1�31 0�96 1�04 1�04 0�90 0�72
Al2O3 17�18 17�66 18�08 17�56 17�79 18�61 17�06 16�88 16�81 16�38 15�43
FeOt 10�53 9�05 9�29 13�08 15�66 12�40 10�90 11�18 10�97 8�95 7�48
MnO 0�242 0�14 0�19 0�24 0�25 0�24 0�27 0�28 0�28 0�30 0�33
MgO 7�48 15�93 8�96 8�18 6�80 5�05 5�37 4�74 4�35 3�30 2�55
CaO 10�44 11�63 12�49 12�53 12�37 9�44 10�15 9�73 9�42 8�16 7�61
Na2O 1�88 0�61 1�16 1�23 1�33 2�36 2�20 2�39 2�51 3�02 3�31
K2O 0�40 0�17 0�30 0�29 0�28 0�42 0�45 0�48 0�50 0�60 0�68
P2O5 0�095 0�03 0�07 0�11 0�19 0�28 0�11 0�12 0�12 0�09 0�01
XMg 0�56 0�76 0�63 0�53 0�44 0�42 0�51 0�49 0�48 0�50 0�54
Sc 35 (52) 30 43 51 51 39 58 60 61 66 77
V 267 99 217 370 495 289 310 326 321 246 228
Ba 90 56 63 71 71 141 99 105 109 125 118
Rb 4�50 4�7 6�5 4�1 4�1 7�9 4�4 4�1 4�1 4�1 2�4
Sr 190 (155) 155 167 188 199 231 199 204 206 209 200
Zr 65 19 27 34 38 171 76 85 91 114 89
Y 17 (31) 5 17 24 21 28 20 21 20 20 17
Nb 4�72 1�0 2�5 3�9 4�6 8�8 5�7 6�2 6�5 7�3 6�7
Ta 0�17 0�04 0�08 0�15 0�16 0�32 0�20 0�22 0�23 0�26 0�24
La 10 (13) 1�9 7�7 8�6 8�7 16�3 12�0 12�8 13�3 15�2 14�8
Ce 21 (30) 4�3 18�4 22�2 21�7 38�0 25�2 26�4 26�8 29�1 25�2
Pr 4�13 0�6 2�6 3�3 3�2 5�2 5�0 5�4 5�7 6�8 7�4
Nd 13 (18�5) 2�5 11�3 14�7 14�2 22�8 15�6 16�4 16�6 17�6 15�3
Sm 3 (5) 0�7 2�9 3�9 3�7 5�5 3�6 3�7 3�7 3�7 2�9
Eu 1�1 (1�3) 0�3 0�8 1�1 1�1 1�6 1�3 1�4 1�4 1�6 1�6
Gd 3�4 (5�5) 0�8 3�0 4�1 3�8 5�5 4�1 4�2 4�3 4�4 4�0
Tb 0�97 0�1 0�5 0�7 0�6 0�9 1�2 1�3 1�4 1�7 2�0
Dy 3�5 (6�2) 0�8 3�2 4�3 3�9 5�4 4�2 4�3 4�3 4�5 4�2
Ho 1�29 0�2 0�7 0�9 0�8 1�1 1�6 1�7 1�8 2�2 2�7
Er 3�52 0�5 1�9 2�4 2�2 2�9 4�3 4�7 4�9 6�1 7�5
Tm 0�51 0�1 0�3 0�3 0�3 0�4 0�6 0�7 0�7 0�9 1�1
Yb 1�6 (3�1) 0�4 1�8 2�2 1�9 2�5 1�9 1�9 1�9 1�9 1�6
Lu 0�25 (0�48) 0�1 0�3 0�3 0�3 0�4 0�6 0�6 0�7 0�8 1�0
U 0�25 0�11 0�12 0�09 0�09 0�22 0�29 0�32 0�35 0�46 0�55
Th 1�85 0�4 1�0 0�4 0�4 1�2 2�2 2�4 2�7 3�6 4�6
Hf 1�66 0�3 0�6 1�0 1�3 4�0 2�0 2�2 2�4 2�8 2�3

*Numbers in parentheses are actual calculated values. Numbers used in the model appear first.
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representing the amount of molten material at any

given moment, the ultramafic cumulates, nonetheless,

might indicate the relative volumes of magmatic pulses

in pluton-building episodes. The gabbronorites, then,

must represent residual compositions after repeated
magma injection, back-mixing, fractionation and melt

expulsion. Tonalites represent melts that were sepa-

rated from these gabbronorite cumulate assemblages.

This simplified framework of cumulates and segre-

gated melt produces very complex field relationships.

In the field, samples were selected from relatively

homogeneous domains (or at least portions of outcrop).
However, many of the outcrops we observe in the SVF

mafic zone are extremely heterogeneous (including

multiple generations of enclaves, some with cumulate

compositions) and lack visible contacts between mo-

dally distinct domains. The internal organization of the

mafic zone seems to reflect a prolonged, chaotic assem-
bly process. Mafic magmas intruded variably cumulate

tonalites, tonalite magmas intruded variably cumulate

gabbronorites, and these processes occurred both high

and low within the mafic zone. Gradational contacts be-

tween different gabbroic and tonalitic rocks suggest

that re-intrusion blended existing cumulates with new

intrusions and involved near-simultaneous melt
extraction.

In general, field relations in the SVF mafic zone share

some features with those described at the Onion Valley

sill complex in the Sierra Nevada (Sisson et al., 1996).

The Onion Valley complex is composed of basaltic to

basaltic andesite sills that intruded an existing granodi-
orite matrix. The sills are of variable thickness and in-

clude multiply injected swarm complexes, some of

which contain olivine, are modally layered, and are in-

terpreted as cumulates. However, owing in part to their

shallow emplacement depth (�2 kbar pressure), the

Onion Valley sills have several characteristics that the

SVF mafic magmas lack. In particular, the Onion Valley
sills have chilled margins and miarolitic cavities; many

are interpreted to preserve melt compositions (Sisson

et al., 1996). However, the general interpretation that

the mafic sills invaded a solid to partially molten silicic

crystal mush is consistent with our observations for the

SVF. In the SVF the invading mafic sills were emplaced
into, and fractionated within, tonalites that are them-

selves products of the same process (Fig. 15). The SVF

mafic complex also shares features with the Woolley

Creek batholith of the Klamath Mountains, California,

with the important exception that at Woolley Creek

there was not as much homogenization between new
magma batches as observed at SVF (Coint et al., 2013).

Discrete compositional domains persisted in the SVF

mafic complex, despite prolonged, open-system mush-

blending; however, compositional variation is present

within single domains. For example, any given ‘gabbro-

norite’ domain on the map (Fig. 16) contains a spectrum

of compositions. Additionally, specific compositional
varieties (of gabbronorite or tonalite) are not spatially

confined, but are found seemingly randomly distributed

within the mafic zone. Although our petrogenetic model

is consistent with a residue-segregated melt relation-

ship for the gabbronorites and tonalites the actual pro-

cess is almost certainly much more complex. Tonalites
and gabbronorites are probably composed of melt–

mineral combinations that, although roughly appearing

to be an equilibrium assemblage, may in fact be hy-

brids. Fractional crystallization is plausibly the domin-

ant mechanism responsible for compositional variation,

but compositional trends are also probably in part due

to back-mixing, incomplete melt extraction and melt re-
infiltration.

CONCLUSIONS

The SVF mafic zone represents the upper part of a

MASH zone in which mafic, mantle-derived magmas

penetrated the crust. The compositional spectrum of
SVF mafic zone rocks is consistent with a crystal frac-

tionation process in which the mafic to ultramafic

rocks—mostly various types of gabbronorite—are cu-

mulates, and the tonalites are the corresponding silicic

segregates. It is clear from the Sr and Nd isotope data

that assimilation of crustal rocks occurred at all levels
within the SVF system, and possibly also within the

mantle wedge. Major and trace element evidence for
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L= Liquid (daughter magma)
C= Cumulate assemblageParent Magma

“Liquid line of descent”

Fig. 12. Schematic diagram of the fractionation model. From a
parent magma, a cumulate assemblage (C1) is subtracted and
a daughter liquid (L1) is produced. From the L1 daughter liquid,
a second cumulate (C2) is subtracted and a second daughter li-
quid (L2) is produced. From that L2 liquid, a third cumulate (C3)
is subtracted, yielding a third daughter liquid (L3), and so on. In
the diagram, daughter liquids are connected by patterned lines
with their total crystal residues, which are enclosed by a box
with the same pattern. For example, the daughter magma L1
has the crystal residue of C1. So, L1þC1¼parent magma.
However, the crystal residue of the daughter magma L4 in-
cludes C1, C2, C3, and C4. Therefore, L4þC1þC2þC3þ
C4¼parent magma.
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assimilation is sparse within the mafic zone rocks, sug-

gesting that the incompatible components of the
assimilated crust were flushed out with extraordinary

efficiency during prolonged magmatism. The silicic li-

quid extracted from the MASH zone was expelled up-

ward in the system, giving rise to compositionally

stratified arc crust almost completely reconstituted by

magmatism. Despite a large-scale stratification consist-
ing of a mafic deep crust, intermediate mid-crust and si-

licic upper crust (Otamendi et al., 2012), the SVF mafic

complex is characterized by considerable heterogeneity

at smaller scales. This is indicative of very complex

temporal and spatial assembly processes, all sharing a
common thermal environment at the prograde peak.

Models for arc processes that invoke a ‘ball and stick’

morphology—where the mid-crust is transparent to the

petrogenetic processes, and evolved magmas leave the

deep crust and rise superheated to the upper crust—are

not supported by this field example. It is also worth
restating that there is no field evidence for the produc-

tion of voluminous silicic magmas by simple melting of

mafic precursors; the mid-crustal intermediate magmas
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at the SVF appear to be the product of crystal fraction-
ation and some assimilation.
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(2008). Metamorphic evolution of migmatites from the deep
Famatinian arc crust exposed in Sierras Valle Fértil–La
Huerta, San Juan, Argentina. Journal of South American
Earth Sciences 25, 313–335.

Otamendi, J. E., Ducea, M., Tibaldi, A. M., Bergantz, G. W., de la
Rosa, J. D. & Vujovich, G. I. (2009a). Generation of tonalitic
and dioritic magmas by coupled partial melting of gabbroic
and metasedimentary rocks within the deep crust of the
Famatinian magmatic arc, Argentina. Journal of Petrology
50, 841–873.

Otamendi, J. E., Vujovich, G. I., de la Rosa, J. D., Tibaldi, A. M.,
Castro, A., Martino, R. D. & Pinotti, L. P. (2009b). Geology and
petrology of a deep crustal zone from the Famatinian paleo-
arc, Sierras de Valle Fertil and La Huerta, San Juan, Argentina.
Journal of South American Earth Sciences 27, 258–279.

Otamendi, J. E., Cristofolini, E., Tibaldi, A. M., Quevedo, F. I. &
Baliani, I. (2010a). Petrology of mafic and ultramafic layered
rocks from the Jaboncillo Valley, Sierra de Valle Fértil,
Argentina: Implications for the evolution of magmas in the
lower crust of the Famatinian arc. Journal of South
American Earth Sciences 29, 685–704.

Otamendi, J. E., Pinotti, L. P., Basei, M. A. S. & Tibaldi, A. M.
(2010b). Evaluation of petrogenetic models for intermediate
and silicic plutonic rocks from the Sierra de Valle Fértil–La
Huerta, Argentina: Petrologic constraints on the origin of ig-
neous rocks in the Ordovician Famatinian–Puna paleoarc.
Journal of South American Earth Sciences 30, 29–45.

Otamendi, J. E., Ducea, M. N. & Bergantz, G. W. (2012).
Geological, petrological and geochemical evidence for pro-
gressive construction of an arc crustal section, Sierra de
Valle Fértil, Famatinian Arc, Argentina. Journal of Petrology
53, 761–800.

Pankhurst, R. J., Rapela, C. W., Saavedra, J., Baldo, E.,
Dalhlquist, J., Pascua, I. & Fanning, C. M. (1998). The
Famatinian magmatic arc in the central Sierras Pampeanas:
an Early to Mid-Ordovician continental arc on the
Gondwana margin. In: Pankhurst, R. J. & Rapela, C. W. (eds)
The Proto-Andean Margin of Gondwana. Geological
Society, London, Special Publications 142, 343–367.

Petterson, M. G., Crawford, M. B. & Windley, B. F. (1993).
Petrogenetic implications of neodymium isotope data from
the Kohistan batholith, North Pakistan. Journal of the
Geological Society, London 150, 125–129.

Pichavant, M. & Macdonald, R. (2007). Crystallization of primi-
tive basaltic magmas at crustal pressures and genesis of the
calc-alkaline igneous suite: experimental evidence from St
Vincent, Lesser Antilles arc. Contributions to Mineralogy
and Petrology 154, 535–558.

Putirka, K. D., Canchola, J., Rash, J., Smith, O., Torrez, G.,
Paterson, S. R. & Ducea, M. N. (2014). Pluton assembly and
the genesis of granitic magmas: Insights from the GIC plu-
ton in cross section, Sierra Nevada Batholith, California.
American Mineralogist 99, 1284–1303.

Rapela, C. W., Pankhurst, R. J., Casquet, C., Baldo, E., Saavedra,
J. & Galindo, C. (1998). Early evolution of the Proto-Andean
margin of South America. Geology 26, 707–710.

Rapp, R. P. (1991). Origin of Archean granitoids and continental
evolution. EOS Transactions, American Geophysical Union
72, 225, 229.

Rapp, R. P. & Watson, E. B. (1995). Dehydration melting of meta-
basalt at 8–32 kbar: implications for continental growth and
crust–mantle recycling. Journal of Petrology 36, 891–931.

Ratajeski, K., Sisson, T. & Glazner, A. (2005). Experimental and
geochemical evidence for derivation of the El Capitan
Granite, California, by partial melting of hydrous gabbroic
lower crust. Contributions to Mineralogy and Petrology 149,
713–734.

Reiners, P. W., Nelson, B. K. & Ghiorso, M. S. (1995).
Assimilation of felsic crust by basaltic magma: Thermal lim-
its and extents of crustal contamination of mantle-derived
magmas. Geology 23, 563–566.

Rioux, M., Hacker, B., Mattinson, J., Kelemen, P., Blusztajn, J. &
Gehrels, G. (2007). Magmatic development of an intra-oce-
anic arc: High-precision U–Pb zircon and whole-rock isotopic
analyses from the accreted Talkeetna arc, south–central
Alaska. Geological Society of America Bulletin 119,
1168–1184.

Rodriguez-Vargas, A., Koester, E., Mallmann, G., Conceição, R.
V., Kawashita, K. & Weber, M. B. I. (2005). Mantle
diversity beneath the Colombian Andes, Northern Volcanic
Zone: Constraints from Sr and Nd isotopes. Lithos 82,
471–484.

Journal of Petrology, 2015, Vol. 56, No. 9 1895



Roeder, P. L. & Emslie, R. F. (1970). Olivine–liquid equilibrium.
Contributions to Mineralogy and Petrology 29, 275–289.

Ross, D. C. (1985). Mafic gneissic complex (batholithic root) in
the southernmost Sierra Nevada, California. Geology 13,
288–291.

Saito, S., Arima, M., Nakajima, T. & Kimura, J.-I. (2004).
Petrogenesis of Ashigawa and Tonogi granitic intrusions,
southern part of the Miocene Kofu Granitic Complex, central
Japan: M-type granite in the Izu arc collision zone. Journal
of Mineralogical and Petrological Sciences 99, 104–117.

Saito, S., Arima, M., Nakajima, T., Misawa, K. & Kimura, J.-I.
(2007). Formation of distinct granitic magma batches by par-
tial melting of hybrid lower crust in the Izu arc collision zone,
central Japan. Journal of Petrology 48, 1761–1791.

Samson, S. D., Patchett, P. J., Gehrels, G. E. & Anderson, R. G.
(1990). Nd and Sr isotopic characterization of the Wrangellia
Terrane and implications for crustal growth of the Canadian
Cordillera. Journal of Geology 98, 749–762.

Sisson, T. W. & Grove, T. L. (1993). Experimental investigations
of the role of H2O in calc-alkaline differentiation and subduc-
tion zone magmatism. Contributions to Mineralogy and
Petrology 113, 143–166.

Sisson, T. W., Grove, T. L. & Coleman, D. S. (1996). Hornblende
gabbro sill complex at Onion Valley, California, and a mixing
origin for the Sierra Nevada batholith. Contributions to
Mineralogy and Petrology 126, 81–108.

Sisson, T. W., Ratajeski, K., Hankins, W. B. & Glazner, A. F.
(2005). Voluminous granitic magmas from common basaltic
sources. Contributions to Mineralogy and Petrology 148,
635–661.

Smith, D. J. (2014). Clinopyroxene precursors to amphibole
sponge in arc crust. Nature Communications 5 doi:10.1038/
ncomms5329.

Smith, I. E. M., Worthington, T. J., Price, R. C., Stewart, R. B. &
Maas, R. (2006). Petrogenesis of dacite in an oceanic sub-
duction environment: Raoul Island, Kermadec arc. Journal
of Volcanology and Geothermal Research 156, 252–265.

Spandler, C., Arculus, R., Eggins, S., Mavrogenes, J., Price, R. &
Reay, A. (2003). Petrogenesis of the Greenhills Complex,
Southland, New Zealand: magmatic differentiation and
cumulate formation at the roots of a Permian island-arc
volcano. Contributions to Mineralogy and Petrology 144,
703–721.

Stern, C. R. (1991). Role of subduction erosion in the generation
of Andean magmas. Geology 19, 78–81.

Sun, S. & McDonough, W. F. (1989). Chemical and isotopic sys-
tematics of oceanic basalts: implications for mantle com-
position and processes. In: Saunders, A. D. & Norry, M. J.
(eds) Magmatism in the Ocean Basins. Geological Society,
London, Special Publications 42, 313–345.

Tepper, J. H., Nelson, B. K., Bergantz, G. W. & Irving, A. J. (1993).
Petrology of the Chilliwack Batholith, North Cascades,
Washington: Generation of calc-alkaline granitoids by melting
of mafic lower crust with variable water fugacity.
Contributions to Mineralogy and Petrology 113, 333–351.

Thomas, W. A. & Astini, R. A. (1996). The Argentine
Precordillera: a traveller from the Ouachita embayment of
North American Laurentia. Science 273, 752–757.

Tibaldi, A. M., Otamendi, J. E., Cristofolini, E. A., Baliani, I.,
Walker, B. A. & Bergantz, G. W. (2013). Reconstruction of the
Early Ordovician Famatinian arc through thermobarometry
in lower and middle crustal exposures, Sierra de Valle Fertil,
Argentina. Tectonophysics 589, 151–166.

Vernon, R. H., Paterson, S. R. & Geary, E. E. (1989). Evidence for
syntectonic intrusion of plutons in the Bear Mountains fault
zone, California. Geology 17, 723–726.

Vujovich, G., Godeas, M., Marı́n, G. & Pezzutti, N. (1996). El
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